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ABSTRACT 
The r e a c t i v i t y  and expansion c h a r a c t e r i s t i c s  o f  Aerozine-50 and 
n i t r o g e n  t e t r o x i d e ,  r e l eased  in s t an taneous ly  i n  bulk q u a n t i t i e s  i n t o  low- 
p r e s s u r e  environments ranging  from 1 x 10-5 t o  1 atm, a r e  desc r ibed .  
ments were performed i n  a l a r g e  vacuum chamber by breaking  th in -wa l l  g l a s s  
s p h e r e s ,  each con ta in ing  300 m l  o f  one of  t h e  p r o p e l l a n t s .  A f t e r  breakage 
o f  t h e  s p h e r e s ,  both high-speed motion p i c t u r e s  and p r e s s u r e  records  (by 
p i e z o e l e c t r i c  t r ansduce r s )  showed t h a t  t he  l i q u i d s  d i spe r sed  by b o i l i n g  a t  
t h e  exposed s u r f a c e  and t h e  r e s u l t i n g  cloud o f  vapor and drops expanded 
symmetr ica l ly .  
h y p e r g o l i c a l l y  i g n i t e d  combustion o r  m i l d  exp los ion  occurred approximately 
5 mi l sec  a f t e r  the  r e l e a s e  ( t h e  sphe res  were 0.5 inch  a p a r t ) .  A t  ambient 
p r e s s u r e s  below 0.01 a t m ,  normal hype rgo l i c  i g n i t i o n  d i d  no t  occur .  I n s t e a d ,  
a m i s t  o f  an  unknown compound(s) formed and de tona ted  70 t o  180 mi lsec  a f t e r  
t h e  r e l e a s e .  The de tona t ion  occurred when t h e  p r e s s u r e  was a few t o r r  above 
t h e  o r i g i n a l  ambient l e v e l  and appa ren t ly  was i n i t i a t e d  by one o f  t he  warm 
meta l  s u r f a c e s  of t h e  s team-e jec tor  pumping system. A s i m i l a r  occurrence 
may c o n t r i b u t e  t o  t h e  p r e s s u r e  sp ikes  observed upon i g n i t i o n  of  t hese  
p r o p e l l a n t s  i n  rocke t  engines  a t  h igh  a l t i t u d e s .  Based on these  r e s u l t s ,  
t h e  hazard p o t e n t i a l  a s s o c i a t e d  wi th  t h e  a c c i d e n t a l  r u p t u r e  of p r o p e l l a n t  
s t o r a g e  tanks  a t  h igh  a l t i t u d e  is d i scussed .  
Experi-  
A t  ambient p re s su res  o f  0.1 atm and above, t h e  normal 
I i 
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1.0 SUMMARY 
On June 7 ,  1966, a program w a s  undertaken t o  i n v e s t i g a t e  t h e  gross  
a s p e c t s  of t h e  d i s p e r s i o n  of bulk q u a n t i t i e s  of  h y p e r g o l i c  p r o p e l l a n t s  and 
t h e  occurrence of chemical r e a c t i o n s  between them i n  a low p r e s s u r e  environment. 
The p r o p e l l a n t s  s t u d i e d  w e r e .  n i t r o g e n  t e t r o x i d e  and Aerozine-50 (1:l mixture  
of hydraz ine  and UDMH) . I n  a d d i t i o n  t h e  d i s p e r s i o n  of water, a l o n e ,  was 
s t u d i e d .  Whereas prev ious  i n v e s t i g a t i o n s  have been concerned wi th  t h e  
r e a c t i v i t y  of h y p e r g o l i c  p r o p e l l a n t s  r e l e a s e d  i n t o  a confined reg ion  a t  a 
low p r e s s u r e ,  t h i s  i n v e s t i g a t i o n  w a s  concerned p r i m a r i l y  w i t h  releases i n t o  
a n  unconfined reg ion .  The r e s u l t s  of t h i s  i n v e s t i g a t i o n  are a p p l i c a b l e  t o  t h e  
assessment of t h e  hazards  a s s o c i a t e d  w i t h  t h e  s t o r a g e  and handl ing  o f  bu lk  
q u a n t i t i e s  of p r o p e l l a n t s  i n  space,  such as t h e  a c c i d e n t a l  r u p t u r e  of tankage. 
The i n v e s t i g a t i o n  w a s  p r i m a r i l y  exper imenta l  and involved t h e  
s p h e r i c a l l y  symmetrical  release of 300 m l  q u a n t i t i e s  of t h e  p r o p e l l a n t s  i n t o  
a l a r g e  vacuum chamber. The releases were accomplished by t h e  breakage of 
thin-wal l ,  g l a s s  b u l b s  which contained t h e  p r o p e l l a n t s .  Two types  of exper i -  
ments were performed. One type c o n s i s t e d  of breaking  a s i n g l e  bulb  conta in ing  
one of t h e  p r o p e l l a n t s  o r  water  i n  an ambient atmosphere a t  10 a t m .  The 
second type of experiment cons is ted  of s imul taneous ly  breaking  two bulbs  , 1/2- 
i n c h  a p a r t  and each c o n t a i n i n g  one of t h e  p r o p e l l a n t s ,  i n  s i x  d i f f e r e n t  ambient 
atmospheres ranging from 10 t o  1 a t m .  Motion p i c t u r e s  a t  3,000 frames p e r  
second and p r e s s u r e  measurements ( p i e z o e l e c t r i c  t r a n s d u c e r s )  a t  f o u r  l o c a t i o n s  
n e a r  t h e  p o i n t  of t h e  r e l e a s e  were made f o r  n e a r l y  a l l  t h e  experiments.  
a d d i t i o n ,  f o r  some of t h e  s i n g l e  release experiments ,  s p e c i a l  photographs w e r e  
made t o  determine t h e  s i z e  and v e l o c i t y  of d r o p l e t s  formed dur ing  t h e  d i s p e r s i o n  
of  t h e  l i q u i d s .  
-5 
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I n  
The r e s u l t s  of t h e  s i n g l e  release experiments showed t h a t  t h e  l i q u i d s  
d i s p e r s e  i n t o  a cloud of vapor and d r o p l e t s  by b o i l i n g ,  which progresses  from 
t h e  o u t s i d e  i n t o  t h e  c e n t e r .  Dispersion i n  t h i s  manner f o r  t h e  300 m l  quant i -  
t ies  r e q u i r e d  50 t o  70 milsec for  Aerozine-50, 2 5  t o  30 milsec f o r  n i t r o g e n  
t e t r o x i d e  and 60 t o  75  milsec fo r  water. Simultaneously w i t h  d i s p e r s i o n  t h e  
clouds expanded i n  a l l  d i r e c t i o n s .  
s i s t e d  only of  vapor ,  which had s u p e r s o n i c  v e l o c i t i e s .  
s i s t e d  of bo th  vapor and d r o p l e t s  and t h e  l a t te r  had subsonic  v e l o c i t i e s ,  
The outermost reg ion  of t h e  cloud con- 
The i n n e r  reg ion  con- 
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t y p i c a l l y ,  9 t o  18 m/sec f o r  Aerozine-50, 30 t o  80 m/sec f o r  n i t r o g e n  
t e t r o x i d e  and 5 t o  1 2  m / s e c  f o r  water. 
may be  expected from t h e  r e l e a s e  of l a r g e r  q u a n t i t i e s  of p r o p e l l a n t .  
Greater v e l o c i t i e s  f o r  t h e  d r o p l e t s  
The o u t e r  edge of t h e  vapor r e g i o n  of t h e  cloud w a s  bounded by t h e  
well-known, pressure-wave complex which c o n s i s t e d  of a primary shock wave i n  
t h e  ambient gas ,  a c o n t a c t  f r o n t  (boundary between t h e  vapor and t h e  ambient 
gas )  and an inward-facing secondary shock wave i n  t h e  vapor.  During d i s p e r s a l ,  
the p r e s s u r e  of t h e  vapor i s  less than t h e  ambient p r e s s u r e  j u s t  i n  f r o n t  of 
t h e  secondary shock wave and is  a maximum n e a r  t h e  c e n t e r  of t h e  release. 
These f e a t u r e s  are similar t o  those computed f o r  t h e  i n i t i a l  s t a g e  of t h e  
s p h e r i c a l  d i s p e r s i o n  of a gas i n t o  a r a r e f i e d  atmosphere. 
For t h e  s imultaneous releases, t h e  n e t  d i s p e r s a l  and expansion 
processes  of t h e  two p r o p e l l a n t s  t o g e t h e r  were s imilar  t o  t h e  processes  f o r  
n i t r o g e n  t e t r o x i d e  a l o n e ,  probably because of t h e  h i g h e r  vapor p r e s s u r e  of 
t h a t  p r o p e l l a n t .  Moreover, t h e  processes  d i d  n o t  vary s i g n i f i c a n t l y  w i t h  
ambient p r e s s u r e ,  i f  less than 20 t o r r .  
Chemical r e a c t i o n s  o r  combustion d i d  occur  between t h e  p r o p e l l a n t s  
a f t e r  t h e i r  release a t  a l l  ambient p r e s s u r e s .  For t h e  f i r s t  few moments a f t e r  
t h e  releases and b e f o r e  s i g n i f i c a n t  r e f l e c t i o n  of  t h e  flows of t he  p r o p e l l a n t s  
from t h e  w a l l s  of t h e  vacuum chamber, unconfined c o n d i t i o n s  f o r  t h e  releases 
were s imulated.  During t h i s  per iod  . the  chemical r e a c t i o n s  occurred  only i n  
t h e  r e g i o n  of c o n t a c t  between the two p r o p e l l a n t s ,  and because of t h e  d ivergent  
flows very l i t t l e  of t h e  p r o p e l l a n t s  r e a c t e d .  The type  of r e a c t i o n  depended 
on t h e  ambient p r e s s u r e .  A t  p ressures  of 100 t o r r  and 1 a t m  t h e  normal 
h y p e r g o l i c a l l y - i g n i t e d  combustion occurred ,  whereas a t  p r e s s u r e s  of  20 t o r r  
o r  less t h e  only r e a c t i o n  involved t h e  Formation of a s m a l l  amount of a red- 
orange material. 
Although n o t  s t u d i e d  exper imenta l ly ,  t h e o r e t i c a l  c o n s i d e r a t i o n s  
i n d i c a t e  t h a t  a t  t h e  lower p r e s s u r e s  h y p e r g o l i c  combustion would r e s u l t  from 
t h e  release of  l a r g e r  q u a n t i t i e s  (much l a r g e r  than  300 ml) o f  p r o p e l l a n t .  
Never the less ,  because of t h e  d ivergent  flows t h e  e x t e n t  of combustion would 
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be small  and consequently any a s soc ia t ed  b l a s t  hazard would be  s l i g h t .  
Af t e r  r e f l e c t i o n  from t h e  w a l l s  of t h e  vacuum chamber, f u r t h e r  
mixing and r e a c t i o n  between t h e  p rope l l an t s  occur red  (corresponding t o  a release 
i n t o  a confined r eg ion ) .  A t  i n i t i a l  p r e s s u r e s  of less than  1 t o r r ,  t he  
vacuum chamber became f i l l e d  wi th  a m i s t  of t h e  red-orange material .  Subse- 
quen t ly ,  100 t o  150 milsec a f te r  t h e  releases, the  m i s t  de tona ted .  Presumably, 
i g n i t i o n  occurred as a r e s u l t  of con tac t  of a p o r t i o n  of t h e  m i s t  w i th  one of 
t h e  h o t  s u r f a c e s  of t h e  s team-ejector  pumping system f o r  t h e  vacuum chamber. 
On the  o t h e r  hand, i n  a s e r i e s  of separate experiments t h e  m i s t  could no t  be  
i g n i t e d  by a 5,000-vol t  continuous spa rk .  The de tona t ions  produced an over- 
p r e s s u r e  of only a few hundred t o r r .  However, i f  t h e  p re s su re  j u s t  p r i o r  t o  
de tona t ion  had been g r e a t e r  than a few t o r r  o r  i f  t h e  concen t r a t ion  of t h e  m i s t  
were g r e a t e r  than  the  10 gm/cc ob ta ined ,  d e s t r u c t i v e  over-pressures  would 
have r e s u l t e d .  It is  b e l i e v e d  t h a t  t hese  even t s  c o n t r i b u t e  t o  t h e  p r e s s u r e  
s p i k e s  obta ined  occas iona l ly  during the  a t t empt ,  i n  a low-pressure environment,  
t o  restart a rocke t  engine  us ing  t h e s e  p r o p e l l a n t s .  
-5 
1- 3 
ATLANTI t R E 5  EAR C H COR PO R AT1 0 N I' 
A L E X A N  D R I A , V I R G I N  IA 
2.0 INTRODUCTION AND BACKGROUND 
This  i n v e s t i g a t i o n  w a s  undertaken, beginning June 7 ,  1966, t o  observe 
t h e  gross  a s p e c t s  of t h e  simultaneous release of b u l k  q u a n t i t i e s  of n i t r o g e n  
t e t r o x i d e  and Aerozine-50" i n t o  an unconfined r e g i o n  a t  a low p r e s s u r e .  The 
o b j e c t i v e s  w e r e  t h e  c h a r a c t e r i z a t i o n  of t h e  expansion of t h e s e  p r o p e l l a n t s  i n t o  
a vacuum and t h e  de te rmina t ion  of t h e  occurrence of any chemical r e a c t i o n .  
The expansion process  i s  important s i n c e  i t  determines t h e  c o n d i t i o n s  under 
which any chemical r e a c t i o n  must occur.  The i n v e s t i g a t i o n  w a s  p r i m a r i l y  ex- 
p e r i m e n t a l  and involved t h e  breakage of g l a s s  b u l b s ,  c o n t a i n i n g  t h e  p r o p e l l a n t s ,  
i n  a l a r g e  vacuum chamber. An a p p l i c a t i o n  of t h e  r e s u l t s  of  t h e  i n v e s t i g a t i o n  
w a s  t h e  formula t ion  of a pre l iminary  estimate of t h e  explos ion  hazards  which 
might be  a s s o c i a t e d  w i t h  t h e  s t o r a g e  and handl ing  of h y p e r g o l i c  p r o p e l l a n t s  i n  
space ;  as ,  f o r  example, from t h e  a c c i d e n t a l  r u p t u r e  of  p r o p e l l a n t  tanks.  
I n  r e c e n t  y e a r s  t h e r e  has been c o n s i d e r a b l e  i n t e r e s t  i n  t h e  hazards  
a s s o c i a t e d  w i t h  t h e  r e l e a s e  ( s p i l l s )  of b u l k  q u a n t i t i e s  of n i t r o g e n  t e t r o x i d e  
and hydrazine-type f u e l s .  I n  s e v e r a l  ser ies  of tests conducted a t  atmospheric 
p r e s s u r e ,  i n t e n s e  f i r e s  and explosions have been observed. 3 ' 7  
from t h e s e  explos ions  depended on t h e  int imacy of c o n t a c t  between f u e l  and 
o x i d i z e r  dur ing  t h e  r e l e a s e  and ranged from 1 t o  50 p e r  c e n t  of t h e  t h e o r e t i c a l  
y i e l d .  
t h e  r e g i o n  of c o n t a c t ,  which tended t o  s e p a r a t e  t h e  p r o p e l l a n t s  and prevented 
t h e i r  mixing. 
The energy y i e l d  
The low y i e l d s  were caused by t h e  h y p e r g o l i c a l l y - i g n i t e d  combustion i n  
Exposure of t h e s e  p r o p e l l a n t s  t o  a h i g h  vacuum, as i n  space ,  a t t e n u a t e s  
t h e i r  h y p e r g o l i c i t y  because of the low temperatures ,  c r e a t e d  by expansion and 
e v a p o r a t i v e  cool ing ,  and t h e  low p r e s s u r e s .  I n  a n  i n v e s t i g a t i o n  of t h e  d ischarge  
of l i q u i d s  from c i r c u l a r  o r i f i c e s  (0.001 t o  0.05 i n c h  i n  diameter)  i n t o  a vacuum, 
breakup i n t o  a c o n i c a l  spray  by a b o i l i n g  process  w a s  observed f o r  l i q u i d s  w i t h  
a vapor p r e s s u r e  of100 t o r r  o r  m o r e  . The d r o p l e t s  i n  t h e  spray  e v a p o r a t i v e l y  
cooled and f r o z e  very  r a p i d l y .  
10 
The average diameter  of t h e  drops w e r e  of t h e  
* A 1:l mixture  of hydrazine and unsymmetrical dimethylhydrazine (UDMH). 
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o r d e r  of 100 microns and t h e i r  v e l o c i t i e s  ranged from 10 t o  50 m/sec. For 
n i t r o g e n  t e t r o x i d e ,  whose t r i p l e  po in t  is 140 t o r r  and-ll"C, t h e  d r o p l e t s  were 
f r o z e n  almost  as soon as they  w e r e  formed a t  t h e  e x i t  of t h e  o r i f i c e s .  
Under normal c o n d i t i o n s  h y p e r g o l i c  combustion between n i t r o g e n  
t e t r o x i d e  and hydrazine-type f u e l s  i s  i g n i t e d  thermally by a "preflame" r e a c t i o n .  
This  r e a c t i o n  i s  known t o  occur  i n  t h e  gas phase f o r  which c o n d i t i o n  t h e  
k i n e t i c s  have been studied''. Although never  r e p o r t e d ,  t h e  condensed phases 
of t h e  p r o p e l l a n t s  a l s o  may be  involved d i r e c t l y  i n  t h e  ' 'preflame" r e a c t i o n .  
A t  normal p r e s s u r e s  and temperatures t h e  course  o f  t h i s  r e a c t i o n  is  t h e  forma- 
t i o n  of ammonium n i t r a t e  and gases ,  i n c l u d i n g  n i t r o u s  oxide.  The r e a c t i o n  i s  
exothermic,  and a f t e r  t h e  mixture h a s  become hea ted  t o  400 t o  500°C, both  t h e  
s a l t  and unreacted hydraz ine  begin exothermic decomposition and combustion 
ensues.  Low temperatures  and pressures  a l t e r  t h e  course of t h e  pref lame 
1 2  r e a c t i o n .  A t  -60°C hydrazinium n i t r a t e  forms, i n s t e a d  of t h e  ammonium s a l t  . 
Also the formation of a v i s c o u s ,  yellow l i q u i d  (probably a mixture  of s e v e r a l  
compounds) which i s  a powerful explos ive  has  been r e p o r t e d  . Apparent ly ,  t h e  
a l t e r e d  r e a c t i o n  i s  n o t  s u f f i c i e n t l y  exothermic t o  cause i g n i t i o n  by i t s e l f ,  
b u t  i f  t h e  temperature  and pressure  rise, because of some o t h e r  c i rcumstance,  
a v i o l e n t  explos ion  may r e s u l t .  
9 
These p r o p e r t i e s  l e a d  t o  d i v e r s e  r e s u l t s  f o r  releases i n t o  low- 
p r e s s u r e  environments. I f  t h e  r e l e a s e  i s  i n t o  a confined reg ion ,  h y p e r g o l i c  
i g n i t i o n  i s  a t t e n u a t e d  a t  f i r s t ,  bu t  as more p r o p e l l a n t  e n t e r s ,  t h e  p r e s s u r e  
and temperature  r ise and t h e  accumulated p r o p e l l a n t  and e x p l o s i v e  products  
i g n i t e .  Thus, v i o l e n t  explos ions  were observed by Mart inkovic  as t h e  r e s u l t  
of releases i n  s imula ted  engine  compartments . S i m i l a r l y ,  "hard s t a r t s "  
( sharp  p r e s s u r e  s p i k e s  i n  t h e  combustion chamber fol lowing i g n i t i o n )  have 
been observed dur ing  a t tempts  t o  res ta r t  a r o c k e t  engine i n  a vacuum. On t h e  
o t h e r  hand, i n  a n  unconfined region,  i g n i t i o n  and explos ion  may n o t  occur .  
Nitrogen t e t r o x i d e  and UDMH f a i l e d  to i g n i t e  when sprayed by s ingle-element  
i n j e c t o r s  i n t o  a n  unconfined region a t  a n  ambient p r e s s u r e  of 60 t o r r  o r  less . 
I n  s imilar  experiments ,  but w i t h  Aeozine-50 as t h e  f u e l ,  no i g n i t i o n  w a s  
ob ta ined  a t  an ambient p r e s s u r e  of 0.04 t o r r  . However, because of t h e  longer  
8 
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d u r a t i o n  of h igh  p r e s s u r e s  and the smaller p r e s s u r e  g r a d i e n t s  n e a r  t h e  p o i n t  of 
release, h y p e r g o l i c  i g n i t i o n  poss ib ly  w i l l  occur  w i t h  much l a r g e r  amounts of 
p r o p e l l a n t  . 
The d e t a i l s  of t h e  experimental  a p p a r a t u s ,  i n s t r u m e n t a t i o n  and 
procedures  are d e s c r i b e d  i n  t h e  next  s e c t i o n  of t h i s  r e p o r t .  The r e s u l t s  of 
t h e  experiments and a d i s c u s s i o n  of t h e i r  s i g n i f i c a n c e  are presented  i n  S e c t i o n  4.0.  
I n  S e c t i o n  5 .0 ,  some s p e c i f i c  conclusions from t h i s  work are d iscussed .  F i n a l l y ,  
i n  S e c t i o n  6.0, a d d i t i o n a l  i n v e s t i g a t i o n s  are recommended t o  deepen our  under- 
s t a n d i n g  of t h e  d i s p e r s a l  and expansion of l i q u i d s  i n  a vacuum and t o  determine 
how t h i s  a f f e c t s  t h e  course  of hypergol ic  r e a c t i o n s .  
I 
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3.0 APPARATUS, TECHNIQUES AND EXPERIMENTS 
3 . 1  INTRODUCTION 
The experiments  cons is ted  o f  the  r e l e a s e  of  300 m l  q u a n t i t i e s  o f  
p r o p e l l a n t  i n t o  a l a r g e  chamber evacuated t o  v a r i o u s  p re s su re  l e v e l s .  Essent -  
i a l l y ,  t he  r e l e a s e s  were s p h e r i c a l l y  symmetrical  and were accomplished by 
breaking  t h i n - w a l l ,  g l a s s  bu lbs  conta in ing  t h e  p r o p e l l a n t s .  Two types  o f  
experiments  were performed. The f i rs t  type was designed t o  s tudy  the  d i s -  
p e r s i o n  o f  a l i q u i d  i n t o  an unconfined r eg ion  a t  a low p r e s s u r e .  For t h i s  
purpose ,  s i n g l e  bulbs  o f  wa te r ,  Aerozine-50 and n i t rogen  t e t r o x i d e  were 
broken i n  an atmosphere a t  approximately 0.01 t o r r .  The second type was t o  
compare the  r e a c t i v i t y  of  Aerozine-50 and n i t r o g e n  t e t r o x i d e  i n  low-pressure 
atmospheres a t  s i x  environmental  p ressure  l e v e l s  ranging  from t o  1 atm. 
For t h i s  purpose,  t w o  bu lbs ,  each con ta in ing  one o f  t he  p r o p e l l a n t s ,  were 
broken s imultaneously.  General  d a t a  c o l l e c t i o n  f o r  the experiments included 
high-speed motion p i c t u r e s  and pressure  measurements wi th  p i e z o e l e c t r i c  
t r ansduce r s .  Spec ia l  d a t a  c o l l e c t i o n  included e l e c t r o n i c - f l a s h  photographs 
t o  determine the  s i z e  and v e l o c i t y  o f  d r o p l e t s  formed, and sampling of any 
r e a c t  i on  products  . 
The d e t a i l s  o f  t h e  f a c i l i t i e s ,  appa ra tus  , i n s t rumen ta t ion ,  and 
procedures  f o r  t he  experiments a re  descr ibed  i n  the  fol lowing sub-sec t ions .  
3.2 SPECIAL FACILITIES 
Nearly a l l  o f  the  experiments (except  t he  s imultaneous r e l e a s e s  
a t  an  ambient p re s su re  o f  one atmosphere) were performed i n  t h e  High A l t i t u d e  
F a c i l i t y .  Figure 3-1 d e p i c t s  t h i s  f a c i l i t y  and some o f  i t s  p e r t i n e n t  
c h a r a c t e r i s t i c s .  The s e c t i o n  i n  which the t e s t s  were performed i s  a c y l i n d r i c a l  
s t a i n l e s s  s t e e l  chamber, 6 f e e t  i n  d iameter  and 25 f e e t  long ( h o r i z o n t a l  a x i s ) ,  
and i s  exhausted by a 5-s tage  steam e j e c t o r  system. F igure  3-2 i s  a photograph 
of  t he  f a c i l i t y  i nc lud ing  the  cool ing towers f o r  t h e  condenser water .  
The f a c i l i t y  was designed f o r  a pumping c a p a c i t y  o f  71,000 l i t e r s  
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of  a i r  pe r  second a t  a p re s su re  o f  0.06 t o r r ,  and f o r  a no-load,  minimum 
p r e s s u r e  o f  0.02 t o r r ,  which s imula tes  an a l t i t u d e  of  approximately 245,000 
f e e t .  
o f  l e s s  than 0.01 t o r r .  Only about 6 minutes a r e  requi red  to  pump the  chamber 
from one atmosphere down t o  the  minimum pres su re .  The e j e c t o r s  use 9,000 
pounds o f  steam p e r  hour ,  and the two condensers r e q u i r e  1200 ga l lons  of  
coo l ing  water  p e r  minute.  D i rec t - con tac t  type condensers a r e  loca ted  between 
t h e  t h i r d  and f o u r t h  s t a g e s  and between the  fou r th  and f i f t h  s t a g e s .  The 
condensers  a r e  used t o  reduce the o v e r a l l  steam consumption of  t he  u n i t .  The 
steam i s  suppl ied  by a g a s - f i r e d ,  au tomat ic  b o i l e r  wi th  a r a t e d  output  of 
I n  a c t u a l  ope ra t ion  the  f a c i l i t y  can achieve  a no-load,  minimum pres su re  
400 horsepower-hour. A h e a t e r  with steam as the  h e a t  source  i s  used t o  prehea t  
t h e  b o i l e r  feed water t o  approximately 190°F. 
e l e c t r i c a l  c o n t r o l  pane l ,  i s  shown i n  Figure 3 - 3 .  The c o n t r o l  pane l  f o r  t h e  
steam e j e c t o r  system and some of t h e  in s t rumen ta t ion  used f o r  the  program a r e  
depic ted  i n  Figure 3 - 4 .  The chamber i t s e l f  i s  shown i n  Figure 3 - 5 .  
The b o i l e r ,  i nc lud ing  the 
Because of t h e  p o t e n t i a l  hazards  involved ,  t h e  s imultaneous r e l e a s e s  
a t  one atmosphere were conducted a t  a s u i t a b l e  l o c a t i o n  out -of -doors  ins tead  
of i n  the vacuum chamber. 
3 . 3  EXPERIMENTAL APPARATUS 
The r e l e a s e  of  l i q u i d s  i n  a low-pressure environment was accomplished 
by remotely f i l l i n g  s p h e r i c a l  g lass  bulbs  wi th  the  d e s i r e d  l i q u i d  and s h a t t e r -  
i n g  them wi th  a s p e c i a l  b reaker  mechanism. A photograph o f  t h e  breaker  mechanism 
and the  i n s t a l l a t i o n  o f  t h e  g l a s s  bu lbs  i n  the  vacuum chamber i s  shown i n  Figure 
3 - 6 .  Design f e a t u r e s  o f  t h e  breaker  mechanism a r e  shown i n  Figure 3 - 7 .  The 
g l a s s  bulbs  were broken by mal le t s  mounted on a common c r o s s  member and a t t ached  
a n v i l .  This assembly was d r iven  by the  impact of  t h e  p i s t o n  rod on the  a n v i l .  
This  p i s t o n  r o d ,  i n  t u r n ,  was acce le ra t ed  by t h e  expansion of h igh-pressure  gas i n  
the  hydrau l i c  c y l i n d e r .  This  p i s t o n  rod w a s  he ld  i n  p l a c e  by t h e  r e l e a s e  l inkage  
whi le  the  c y l i n d e r  was charged t o  t h e  d e s i r e d  p r e s s u r e ,  a f t e r  which i t  was 
r e l eased  by t h e  r e l e a s e  so lenoid .  
The p res su re  t o  which the c y l i n d e r  w a s  charged with gas determined the  
v e l o c i t y  achieved by t h e  mallet  assembly a f t e r  impact.  The m a l l e t  assembly rode 
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Figure 3-6. The Glass Bulbs, Breaker Mechanism and the Pressure 
Gages Mounted in the Vacuum Chamber. 
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i n  s p e c i a l  guide ho le s  i n  two p a r a l l e l  p l a t e s  t o  keep the  m a l l e t s  a l igned  
r e l a t i v e  t o  the  g l a s s  bu lbs .  The upper p l a t e  a l s o  served t o  a r r e s t  the motion 
o f  t h e  crossmember and m a l l e t s .  
c o n t r o l l e d  the  p e n e t r a t i o n  o f  the mal le t -heads  i n t o  the  g l a s s  bulbs .  The 
purpose of  t h i s  was t o  cause the  l e a s t  d i s tu rbance  i n  the  l i q u i d  from the  
impact o f  t h e  m a l l e t s .  Since the g l a s s  fragments were a c c e l e r a t e d  by the  
expanding gases ,  bulbs  w i t h  the  t h i n n e s t  w a l l s  ( t he  l e a s t  weight)  were d e s i r a b l e  
so t h a t  a minimum of  energy would be absorbed from the  expansion process .  
Based on these  c o n s i d e r a t i o n s ,  Chr is tmas- t ree  ornament blanks were s e l e c t e d  
a s  the  b e s t  type of bulbs  f o r  these t e s t s .  These bulbs  were mounted a s  shown 
i n  Figure 3-6 and were f i l l e d  remotely from s t o r a g e  tanks loca ted  o u t s i d e  the  
vacuum chamber ( see  Figure 3-8). 
Adjustment o f  t h e  h e i g h t  of  t h i s  p l a t e  
For some t e s t s  two e l e c t r o d e s  were placed between the  bulbs  o f  
p r o p e l l a n t s  so  t h a t  a high-energy, cont inuous spark  (approximately 5,000 v o l t s )  
could be f i r e d  through the  contac t  s u r f a c e  and i n t o  the  r eg ions  on e i t h e r  s i d e  
where combustible mixtures  were most l i k e l y  t o  be formed. A spark  gap of about  
3/4 i n c h  was used. 
3.4 INSTRUMENTATION 
3.4.1 Pressure  Measurements 
Pressure  measurements, both s t a t i c  ("side-on") and impact ("face-on") 
were made wi th  p i e z o e l e c t r i c  t ransducers  a t  four  l o c a t i o n s .  These measurements 
provided informat ion  concerning the  d e t a i l s  of t he  d i s p e r s a l  and expansion of  
t h e  p r o p e l l a n t s  and the  n a t u r e  o f  any chemical r e a c t i o n  o r  explos ion  t h a t  might 
occur  a f t e r  a simultaneous r e l ease .  
The t r ansduce r s  used a r e  manufactured by the  A t l a n t i c  Research 
Corpora t ion  and have a ceramic ( lead z i r c o n a t e  o r  t i t a n a t e )  s ens ing  element.  
Compared wi th  o t h e r  t ypes ,  the  advantage o f  t hese  ceramic elements  i s  t h e i r  
g r e a t e r  s e n s i t i v i t y ,  which w a s  e s s e n t i a l  t o  measure the  expected small  p re s su res .  
The LC-33 ( p e n c i l  gage) t ransducer  was used f o r  s t a t i c - p r e s s u r e  measurements 
and the  Ls -  60 t r ansduce r  w a s  used f o r  impac t - p r e s s u r e  measurements. The 
s e n s i t i v i t i e s  o f  t he  t ransducers  were approximately 10  mv/ tor r  and 5 mv/ to r r ,  
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The t r a n s d u c e r s ,  one of each t y p e ,  were mounted i n  p a i r s  a t  four  
l o c a t i o n s  about t he  p o i n t  o f  r e l e a s e  a s  shown i n  F igures  3-6 ,  3-9,  and 3-10. 
I n i t i a l l y ,  as shown i n  Figure 3-9, t h r e e  p a i r s  were loca ted  a t  d i s t a n c e s  o f  
8 ,  24 and 72 inches  from the  bulbs.  The f o u r t h  p a i r  a l s o  w a s  loca ted  a t  
24 inches but  on t h e  oppos i t e  s ide  o f  t he  bulbs  wi th  r e spec t  t o  the  o t h e r  
p a i r  a t  t h i s  d i s t a n c e .  This four th  p a i r  provided d a t a  t o  i n d i c a t e  t h e  e x t e n t  
of  symmetry of  the  r e l e a s e s .  Subsequently,  f o r  the  m a j o r i t y  of  the  exper iments ,  
t h e  p a i r  a t  72 inches  was moved c l o s e r  ( t o  36 inches ) .  This was done because 
the  r e l e a s e s  d i d  no t  produce a d e t e c t a b l e  p re s su re  d i s tu rbance  a t  the  g r e a t e r  
d i s t a n c e .  Also i n  a few experiments ,  a s  a f u r t h e r  check f o r  symmetry, the  
p a i r  a t  24-inches ( c l o s e s t  t o  the door o f  t he  vacuum chamber) was moved t o  
8 inches  from t h e  p o i n t  of  r e l ease  and d i r e c t l y  oppos i t e  the  remaining p a i r  
a t  24 inches .  
I n  o rde r  t o  minimize flow d i s tu rbances  and spur ious  p re s su re  measure- 
ments,  the  t r ansduce r s  were mounted s ix - inches  a p a r t  on aerodynamically-shaped 
ba r s .  For the  same reason  the p a i r s  were no t  mounted a long  the same r a d i u s ,  
bu t  were d i sp laced  a t  30-degree ang le s ,  as shown i n  Figure 3-9. The mounts f o r  
t he  t r ansduce r s  were s e t  i n  t he  vacuum chamber on pads c o n s i s t i n g  o f  s e v e r a l  
l a y e r s  of  t h i c k  c a r p e t i n g .  This  a t t enua ted  "background noise" ,  generated by 
v i b r a t i o n s  of t he  w a l l s  of  t he  vacuum chamber, somewhat s u c c e s s f u l l y .  
The t r ansduce r s  were c a l i b r a t e d  by comparison of  t h e i r  ou tput  w i th  
t h a t  o f  a s tandard  t ransducer  fo r  a r a p i d l y  changing p res su re .  The t r ansduce r s  
(two a t  a t ime) and the s tandard  were mounted i n  a smal l  chamber which was then 
evacuated.  Subsequent ly ,  n i t rogen  gas  w a s  admi t t ed ,  over  a 200 t o  300 mi l sec  
p e r i o d ,  t o  a f i n a l  p re s su re  which ranged from 5 t o  200 t o r r .  
3.4.2 P res su re  Recording 
The o u t p u t s  from the  pressure  t r ansduce r s  were d isp layed  on 
o s c i l l o s c o p e s  and photographed. 
and 547, were used  f o r  t h i s  purpose and each d isp layed  t h e  output  of t he  two 
Four Tekt ronic  o s c i l l o s c o p e s ,  Models 545-B 
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t r a n s d u c e r s  a t  a s i n g l e  l o c a t i o n .  
I n  o r d e r  t o  e s t a b l i s h  a meaningful time s c a l e  f o r  t h e s e  r e c o r d s ,  
t h e  o s c i l l o s c o p e s  were t r i g g e r e d  by t h e  breakage of  t h e  g l a s s  bu lbs .  This  was 
accomplished through t h e  i n t e r r u p t i o n  o f  e l e c t r i c a l  c u r r e n t  through a 
conduct ive  s t r i p  pa in t ed  on one of t h e  bulbs.  The s t r i p  w a s  incorpora ted  
i n t o  a simple c i r c u i t  t h a t  produced an o u t p u t - s i g n a l  c o n s i s t i n g  o f  a 6 -vo l t  
dec rease  when t h e  bulb and s t r i p  broke. A t y p i c a l  o s c i l l o s c o p e  t r a c e  of  t h i s  
v o l t a g e  o u t p u t - s i g n a l  i s  shown i n  F igu re  3 - 1 1 .  Although t h e r e  was an i n i t i a l  
sharp  drop i n  v o l t a g e ,  t h e  decrease  was most ly  gradual  and i r r e g u l a r .  This  
was u n s u i t a b l e  , and accord ing ly  a pulse-shaping  network, a c t i n g  on the  i n i t i a l  
v o l t a g e  drop , and a " f l i p - f l o p "  network ( t o  prevent  repea ted  t r i g g e r i n g )  were 
added. 
The arrangement o f  t h e  t r i g g e r i n g  c i r c u i t  and t h e  o s c i l l o s c o p e s  i s  shown i n  
F igure  3 - 1 2 .  
This combination gave reasonably r e l i a b l e  t r i g g e r i n g  o f  t h e  o s c i l l o s c o p e s .  
3 . 4 . 3  High-speed Motion P i c t u r e s  
Nearly a l l  o f  t h e  r e l e a s e s  were photographed i n  c o l o r  w i th  a Fas tax  
camera, opera ted  a t  approximately 3000 frames p e r  second. Timing marks,  a t  
1000 p e r  second, were provided on one s i d e  o f  t h e  f i l m  by a s tandard  p u l s e  
gene ra to r  and neon bulb.  
3 . 4 . 4  Drople t  S i ze  Measurements 
A s p e c i a l  photographic appa ra tus  was developed t o  determine s i z e  and 
v e l o c i t y  of  t he  d r o p l e t s  r e s u l t i n g  from the  d i s p e r s i o n  of  t h e  l i q u i d s .  This  
was accomplished by i l l u m i n a t i n g  on ly  a t h i n  p l a n a r  s e c t i o n  through t h e  c e n t e r  
of t he  expanding cloud by a s t roboscopic  l i g h t  source  having a known f l a s h  
d u r a t i o n .  This  ensured t h a t  a l l  t h e  d r o p l e t s  photographed were moving i n  a 
d i r e c t i o n  p a r a l l e l  t o  t he  f i l m ,  and t h e r e f o r e  measurement o f  t h e  b read th  and 
l eng th  of  t h e  s t r e a k  ( t h e  image formed by the  d r o p l e t s )  provided the  drop 
s i z e  and v e l o c i t y .  This  technique had been used s u c c e s s f u l l y  p rev ious ly  under 
s imilar  c i rcumstances  . 10 
A s p e c i a l  camera w i t h  a 20-inch f o c a l - l e n g t h  was f a b r i c a t e d  t o  
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I 
photograph the  d r o p l e t s .  
image o f  t h e  d r o p l e t s  a t  a l ens - to - sub jec t  d i s t a n c e  of 40 inches.  The l i g h t  
source  cons i s t ed  of  an e l e c t r o n i c  f l a s h  lamp and c y l i n d r i c a l  l e n s ,  as shown 
i n  F igure  3-13. The f l a s h  lamp was t h e  Model 358 Beckman-Whitley E l e c t r o n i c  
F la sh  U n i t ,  which provides  uniform l i g h t  p u l s e s  of  2 .7 ,  5.4 and 10.8 mi lsec  
d u r a t i o n .  The f l a s h  lamp could be f i r e d  a t  any des i r ed  time a f t e r  the  
breakage o f  t h e  bulbs .  This  w a s  accomplished by a delayed s i g n a l  ob ta ined  
from one o f  t he  o s c i l l o s c o p e s ,  a s  shown i n  F igure  3-12. 
The camera was capab le  o f  producing a f u l l - s i z e  
3.4.5 Shadowgraphs 
A spa rk - l igh ted  shadowgraph system w a s  assembled t o  o b t a i n  photo- 
graphs which would r e v e a l  a d d i t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  d i s p e r s i o n  
processes .  The appa ra tus  i s  shown schemat i ca l ly  i n  Figure 3-14, and cons i s t ed  
o f  a spark-gap loca ted  a t  t h e  foca l  p o i n t  of  a s p e r i c a l  mi r ro r  (48-inch f o c a l  
l eng th )  and a ho lde r  f o r  a shee t  o f  photographic  f i lm.  The mi r ro r  had a 
d i ame te r  of  1 2  inches and formed a beam of  p a r a l l e d  l i g h t  l a r g e  enough t o  
cover  a 8 x 10 s h e e t  o f  f i lm.  The spark-gap w a s  housed i n  a g l a s s  tube f i l l e d  
wi th  n i t r o g e n  gas a t  approximately atmospheric  p re s su re  and was energized by 
a 0.25 Pf -capac i tor  system charged t o  10,000 v o l t s .  Discharge a c r o s s  t h i s  
main gap was i n i t i a t e d  by t h e  spark from a t h i r d  e l e c t r o d e ,  which was f i r e d  
by a s tandard  t h y r a t r o n  c i r c u i t .  A schematic diagram f o r  t he  e l e c t r o n i c  
c i r c u i t  f o r  t he  charg ing  and f i r i n g  o f  t h e  spark  gap i s  shown i n  Figure 3-15. 
By us ing  a de lay  s i g n a l  from one o f  t h e  o s c i l l o s c o p e s ,  a s  shown i n  Figure 
3-12, t he  t h y r a t r o n  and the  spark could be f i r e d  a t  any t ime a f t e r  t he  breakage 
o f  t h e  bulbs .  Dura t ion  o f  t he  main spa rk  w a s  c a l c u l a t e d  t o  be l e s s  than one 
microsecond, which was s h o r t  enough t o  r e s o l v e  the  p o s i t i o n  of  t he  expected 
d r o p l e t s ,  shock waves and con tac t  f r o n t s .  
Unfo r tuna te ly ,  before  any f i n a l  shadowgraphs were made wi th  t h i s  
system, the  c a p a c i t o r s  f o r  t h e  main spa rk  gap were i n a d v e r t e n t l y  overcharged 
and were broken-down. When t h i s  occur red ,  i n s u f f i c i e n t  time remained i n  
the  program t o  o b t a i n  a new c a p a c i t o r  system. 
photographs demonstrated t h a t  t h i s  technique would be capable  o f  provid ing  
informat ion  concerning t h e  s i z e  and formation of t he  d r o p l e t s .  
Neve r the l e s s ,  some p re l imina ry  
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Figure 3-13. Schematic Diagram of the Arrangements for the 
Droplet Photograph. 
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3.4.6 Chemical Sampling 
A chemical sampling device was designed and f a b r i c a t e d  t o  c o l l e c t ,  
f o r  examinat ion,  m a t e r i a l s  t h a t  might have been formed by a chemical r e a c t i o n  
from a s imultaneous r e l e a s e  of n i t rogen  t e t r o x i d e  and Aerozine-50. A ske tch  
of  t he  appa ra tus  i s  shown i n  Figure 3-16. The sample was c o l l e c t e d  i n  a bulb 
cooled by l i q u i d  n i t r o g e n  du r ing  the f i r s t  50 mi l sec  fo l lowing  the  r e l e a s e .  
3.5 EXPERIMENTS AND PROCEDURES 
Two types  of  experiments were performed: 
p r o p e l l a n t  and the  simultaneous r e l e a s e  o f  both p r o p e l l a n t s .  
were performed wi th  the  300-ml bulbs.  
a s i n g l e  m a l l e t  were pos i t i oned  in  t h e  c e n t e r  of  the  appa ra tus ,  and a l l  r e l e a s e s  
were performed a t  an  ambient p re s su re  of  10 atm. The simultaneous r e l e a s e s  
were performed a t  6 d i f f e r e n t  ambient p r e s s u r e s :  
and a t m .  I n  these  experiments the  bulbs  were mounted 0.5-inch a p a r t ,  a s  
shown i n  Figure 3-6. 
the  r e l e a s e  of a s i n g l e  
A l l  experiments 
For a s i n g l e  p r o p e l l a n t ,  the  bulb and 
-5 
1, 
As shown i n  F igures  3-9 and 3-10, both  the  s i n g l e  and s imultaneous 
r e l e a s e s  were made a t  t h e  axis of t h e  chamber, nea r  one end. Accordingly,  the 
minimum d i s t a n c e  between the  walls o f  t h e  chamber and the  p o i n t  of  r e l e a s e  was 
3 f e e t .  Because o f  t he  eventua l  r e f l e c t i o n  o f  p r e s s u r e  waves and p a r t i c l e s  o f f  
t h e  wa l l s ,  t h i s  d i s t a n c e  determines the  per iod  o f  t ime f o r  complete s imula t ion  
of  an unconfined r e l e a s e .  For a l l  of  t he  measurements made it  was es t imated  
t h a t  t h i s  time was a t  l e a s t  5 milsec.  However, f o r  many measurements t he  
e f f e c t i v e  t ime f o r  s imula t ion  was somewhat longer .  
The procedure f o r  most of  t he  experiments  was the same. By opening 
t h e  a p p r o p r i a t e  va lves  ( c f .  Figure 3-8) ,  both the  bulbs  and the  chamber were 
evacuated by t h e  steam e j e c t o r  s y s t e m .  A t  t h e  same t ime,  t he  in s t rumen ta t ion ,  
o s c i l l o s c o p e s  and photographic  equipment were checked and ad jus t ed .  Af t e r  the  
bulbs  had been evacuated they were f i l l e d  wi th  the  d e s i r e d  p r o p e l l a n t s ,  using 
the  so lenoid  v a l v e s  ( c f .  F igure  3-8). When t h e  Fas tax  camera was used,  t he  
experiments  were i n i t i a t e d  by s t a r t i n g  t h e  camera; a f t e r  t h e  camera had 
reached the  d e s i r e d  speed,  a switch c losed  a u t o m a t i c a l l y  t o  a c t u a t e  the  breaker  
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mechanism f o r  t he  bulbs .  I f  t h i s  camera was n o t  used ,  t he  breaker  mechanism 
w a s  ac tua t ed  d i r e c t l y .  
For c o l l e c t i n g  samples,  t h e  appa ra tus  shown i n  Figure 3-16 was f i r s t  
-5 evacuated (up t o  the  solenoid va lve)  t o  a p r e s s u r e  o f  10 t o r r .  The solenoid 
v a l v e  w a s  t hen  opened j u s t  p r i o r  t o  breakage o f  t h e  bulbs .  
a delayed s i g n a l  from one of the  o s c i l l o s c o p e s  50 mi l sec  a f t e r  bulb-breakage. 
It was closed by 
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4.0 RESULTS AND DISCUSSION 
4.1 INTRODUCTION 
A t o t a l  o f  105 experiments  were performed. These cons i s t ed  of  6 1  
r e l e a s e s  of  a s i n g l e  l i q u i d  and 44 simultaneous r e l e a s e s .  
r e l e a s e  experiments w a s  n e a r l y  evenly d iv ided  among t h e  t h r e e  l i qu ids :  
Aerozine-50 and n i t r o g e n  t e t r o x i d e ;  and most o f  t h e s e  experiments  were d i r e c t e d  
towards de t e rmina t ion  o f  drop s izes  and v e l o c i t y .  For v a r i o u s  r easons ,  a l l  
p r e s s u r e  t r a c e s  were not  s a t i s f a c t o r y  i n  every experiment .  However, experiments 
were repea ted  a t  each set  o f  cond i t ions ,  when necessa ry ,  t o  o b t a i n  a complete 
s e t  o f  p re s su re  traces. For purposes  of  d i s c u s s i o n ,  t r a c e s  from s e l e c t e d  expe r i -  
ments a r e  shown i n  F igures  i n  t h i s  Sect ion.  The remainder o f  the  usable  t r a c e s  
ob ta ined  a r e  presented  i n  the  Appendix. 
The number of  s i n g l e -  
wa te r ,  
The i n i t i a l  temperature  o f  t h e  l i q u i d s  f o r  a l l  experiments was approxi-  
mately 25OC. 
t o r r  f o r  water, 142 t o r r  f o r  Aerozine-50, and 915 t o r r  f o r  n i t rogen  t e t r o x i d e .  
The vapor  p re s su res  of  t h e  l i q u i d s  a t  t h i s  temperature  a r e  23 .8  
. 4.2 SINGLE LIQUID RELEASES 
The s p h e r i c a l  r e l e a s e  o f  the p r o p e l l a n t s  i n t o  t h e  0 .01- tor r  environ-  
ment r e s u l t e d  i n  t h e i r  d i s p e r s a l  i n t o  a cloud o f  d r o p l e t s  and vapor and the  
expansion o f  t he  cloud.  
a cons ide rab le  pe r iod  of t i m e .  Expansion, o f  c o u r s e ,  began immediately a s  
t h e  f i r s t  vapor and d r o p l e t s  formed and cont inued a f t e r  d i s p e r s a l  was complete. 
The s t r u c t u r e  o f  t he  c loud ,  du r ing  the d i s p e r s a l  p e r i o d ,  i s  diagrammed schemat i ca l ly  
i n  F igure  4-1. Surrounding the  d i spe r s ing  l i q u i d  i s  a zone of  vapor and d r o p l e t s ,  
and i n  t u r n ,  about  t h i s  i s  a zone o f  vapor a lone  ( acce le ra t ed  t o  a h ighe r  v e l o c i t y  
than  t h e  d r o p l e t s ) .  A t  t he  per iphery  o f  t he  vapor  i s  the  well-known wave complex 
c o n s i s t i n g  o f  a primary shock wave i n  t he  ambient gas ,  a c o n t a c t  f r o n t  (boundary 
between t h e  ambient gas and vapor ) ,  and an inward-facing secondary shock wave. 
A s  descr ibed  by Glass' and Brode , the s p h e r i c a l  d i s p e r s i o n  of  a gas i s  s i m i l a r  
and produces t h e  same kind of  wave p a t t e r n s .  Although s lower ,  the  d i s p e r s a l  o f  
t h e  l i q u i d  corresponds t o  the  per iod f o r  a gas i n  which t h e  centered  r a r e f a c t i o n  
wave p rogres ses  from the  o r i g i n a l  sur face  of  t h e  gas t o  the  c e n t e r .  The d e t a i l s  
o f  t he  d i s p e r s a l  and expansion processes  foz  Aerozine-50 and n i t r o g e n  t e t r o x i d e  
a r e  descr ibed  i n  t h e  fol lowing paragraphs.  
D i spe r sa l  d i d  no t  occur  in s t an taneous ly ,  but requi red  
1 
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Figure 4-1. Schematic Diagram of the Dispersal and 
Expansion of a Liquid. Upper Diagram 
Shows the Major Features During Dispersal. 
Lower Diagram is a Corresponding Static- 
Pressure Profile. 
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For Aerozine-50, as shown by t h e  high-speed motion p i c t u r e s ,  
b o i l i n g  i n  t h e  o u t e r  l a y e r  of l i q u i d  began immediately a f t e r  t h e  bulb  had been 
cracked by t h e  mal le t .  The consequent growth and b u r s t i n g  of bubbles  genera ted  
a cloud of d r o p l e t s  and vapor behind t h e  g l a s s  f ragments ,  dur ing  t h e  f i r s t  3 o r  
4 m i l l i s e c o n d s ,  and t h e r e  w a s  l i t t l e  movement of e i t h e r  t h e  d r o p l e t s  o r  fragments.  
Subsequent ly ,  b o t h  began t o  a c c e l e r a t e ,  n o t i c e a b l y ,  t o  a c o n s t a n t  v e l o c i t y  and 
t h e  fragments s t a y e d  w e l l  ahead of  t h e  b u l k  of t h e  d r o p l e t s  throughout t h e  
remainder of t h e  expansion process .  Two r e g i o n s  could b e  observed i n  t h e  cloud: 
a dense i n n e r  r e g i o n  and a d i f f u s e  o u t e r  reg ion  of r a p i d l y  moving d r o p l e t s .  
The i n n e r  reg ion  expanded s l i g h t l y  and appeared t o  g e n e r a t e  t h e  d r o p l e t s  i n  t h e  
t 
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o u t e r  region.  These observa t ions  suggest  t h a t  t h e  p r o p e l l a n t  was d i s p e r s e d  i n t o  
d r o p l e t s  by b o i l i n g ,  and t h e  b o i l i n g  progressed  from t h e  exposed s u r f a c e  i n  
toward t h e  c e n t e r  of t h e  l i q u i d .  According t o  t h e  f i l m s ,  complete d i s p e r s a l  of 
t h e  300 m l  q u a n t i t y  o f  Aerozine-50 i n  t h i s  manner r e q u i r e d  50 t o  70 milsec.  
This  p r o g r e s s i v e  b o i l i n g  also w a s  observed i n  previous experiments 
i n  which a beaker  of l i q u i d  w a s  suddenly exposed t o  a vacuum . This  i s  t h e  
expected behavior  i f  t h e  l i q u i d  does n o t  c o n t a i n  d i s s o l v e d  non-condensible gases .  
During b o i l i n g ,  a l l  t h e  p r e s s u r e  grad ien t  i s  i n  t h e  b o i l i n g  reg ion .  
l i q u i d  i s  under i t s  own vapor p r e s s u r e  and c a v i t a t i o n  w i l l  n o t  occur  unless  t h e  
l i q u i d  i s  s u p e r s a t u r a t e d  w i t h  d isso lved  gases .  
10 
I n s i d e ,  t h e  
The d i s p e r s a l  and expansion of water w a s  n e a r l y  i d e n t i c a l .  Complete 
d i s p e r s a l  r e q u i r e d  approximately 60 t o  75 milsec.  
Although similar i n  many r e s p e c t s ,  t h e  d i s p e r s a l  and expansion a f t e r  
breakage of t h e  bulb  w e r e  much f a s t e r  f o r  n i t r o g e n  t e t r o x i d e  than f o r  Aerozine-50 
and water,  undoubtedly because of t h e  h i g h e r  vapor  p r e s s u r e  of N204. 
breakage of t h e  b u l b ,  t h e  i n i t i a l  b o i l i n g  w a s  more v i o l e n t  and s p r a y s  of 
d r o p l e t s  could b e  seen  s q u i r t i n g  through t h e  cracks i n  t h e  bulb  w i t h i n  a f r a c t i o n  
of a m i l l i s e c o n d  a f t e r  breakage. I n s t e a d  of l e a d i n g  t h e  expansion of t h e  vapor- 
d r o p l e t  c loud,  t h e  g l a s s  fragments w e r e  engul fed  by i t .  The f i l m s  i n d i c a t e d  
t h a t  d i s p e r s a l  of t h e  n i t r o g e n  t e t r o x i d e  occurred i n  approximately 25  milsec. 
This  a g r e e s  f a i r l y  w e l l  w i t h  the value of  30 m i l s e c ,  i n d i c a t e d  by t h e  p r e s s u r e  
records  t o  be  d e s c r i b e d  subsequently.  
A f t e r  
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From t h e  high-speed motion-picture f i l m s  t h e  rates of  movement of  
the p e r i p h e r y  of t h e  expanding vapor-droplet  c louds  were measured during t h e  
f i r s t  few m i l l i s e c o n d s  of  t h e  expansion. 
l i g h t i n g  t h e  motion observed i n  the f i l m  w a s  a "boundary" which had approxi- 
mately a c o n s t a n t  d e n s i t y  of d r o p l e t s .  Hence, t h e  observed motion of t h e  p e r i -  
phery i s  r e p r e s e n t a t i v e  of an average v e l o c i t y  of t h e  drops.  The v e l o c i t y  
v a r i e d  s l i g h t l y  w i t h  t h e  sector of  t h e  cloud observed, 9 t o  18 m/sec and 30 t o  
80 m/sec f o r  Aerozine-50 and n i t r o g e n  t e t r o x i d e ,  r e s p e c t i v e l y .  The v e l o c i t i e s  
of some g l a s s  fragments were a l s o  measured: 
and 30 t o  50 m/sec f o r  n i t r o g e n  t e t r o x i d e .  For  water, t h e  v e l o c i t y  of t h e  
p e r i p h e r y  ranged from 5 t o  12  m/sec whereas t h e  v e l o c i t y  of t h e  g l a s s  fragments 
w a s  approximately 15  m/sec. 
Because of t h e  q u a l i t y  of t h e  
13 t o  33 m/sec f o r  Aerozine-50 
The a t tempt  t o  determine t h e  diameter  and v e l o c i t y  of t h e  d r o p l e t s  
from p i c t u r e s  made w i t h  t h e  e l e c t r o n i c  f l a s h  ( S e c t i o n  3.4.4) were n o t  completely 
s u c c e s s f u l .  For  water, t h e  d r o p l e t s  showed up i n  t h e  photographs very w e l l .  
From t h e s e  i t  w a s  determined t h a t  t he  d r o p l e t s  had diameters  ranging from 0 .1  
t o  1.4 mm and v e l o c i t i e s  ranging from 0.2 t o  0.6 m/sec. The l a t t e r  are c l e a r l y  
too  low, n o t  only because of t h e  d a t a  f o r  t h e  v e l o c i t y  of t h e  per iphery  of t h e  
c loud ,  b u t  a l s o  because t h e  f i r i n g  of t h e  f l a s h  lamp had t o  be delayed only 50 
milsec.  This  l a t t e r  is t h e  t r a n s i t  t i m e  of  t h e  drops over  t h e  30 c m  d i s t a n c e  
between t h e  bulb  and t h e  r e g i o n  photographed, and corresponds t o  a v e l o c i t y  of 
6 m/sec. The most l i k e l y  reason  f o r  t h e  low v a l u e s  f o r  v e l o c i t y  probably w a s  
t h a t  t h e  drops were p a r t i a l l y  f rozen,  which i s  l i k e l y  because of t h e  l e n g t h  of 
t i m e  they  were exposed t o  vacuum'? 
were r o t a t i n g ,  t o g e t h e r  w i t h  t h e  fact  t h a t  f r e e z i n g  causes  i r r e g u l a r i t i e s  on 
t h e  s u r f a c e  of t h e  drops ,  l i g h t  was r e f l e c t e d  t o  t h e  camera only  occas iona l ly .  
Thus t h e  recorded p a t h  l e n g t h  of  the drop dur ing  t h e  l i g h t  f l a s h  w a s  less than  
t h e  a c t u a l  one. 
S ince  i t  a l s o  w a s  l i k e l y  t h a t  t h e  drops 
For Aerozine-50 and n i t r o g e n  t e t r o x i d e ,  even less s u c c e s s  was ob- 
t a i n e d  by t h i s  technique.  N o  d i s t i n c t  image w a s  ob ta ined  on t h e  f i lms .  The 
reasons f o r  t h i s  w e r e  t h a t  most of t h e  drops w e r e  less than  1 0 0 ~  i n  diameter  
and t h a t  t h e  d e n s i t y  of t h e  drops w a s  g r e a t .  
, 
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Typica l  p r e s s u r e  r eco rds  ( o s c i l l o s c o p e  t r a c e s )  f o r  t h e  releases of 
Aerozine-50 and n i t r o g e n  t e t r o x i d e  are shown i n  F igu res  4-2 and 4-3, r e s p e c t i v e l y .  
The t r a c e s  f o r  n i t r o g e n  t e t r o x i d e  r e v e a l  t h a t  t h e  primary shock f r o n t  i s  weak, 
0.09 t o r r  a t  t h e  8-inch a o c a t i o n  and 0.04 t o r r  a t  t h e  24-inch l o c a t i o n ;  t h e  
a r r i v a l  t i m e s  are 356 and 1102 psec (sweep de lay  of 800 psec  i n  F igu re  4-38), 
r e s p e c t i v e l y ,  a f t e r  t h e  release. Following t h e  primary shock wave, t h e  impact 
gages show t h e  a r r i v a l  of t h e  con tac t  f r o n t  (boundary between ambient gas and 
n i t r o g e n  t e t r o x i d e  vapor) a t  about 500 vsec and 1600 w e c  a t  t h e  8-inch and 
24-inch l o c a t i o n ,  r e s p e c t i v e l y .  The h igh  impact -pressure  a s s o c i a t e d  wi th  t h e  
c o n t a c t  f r o n t  r e s u l t s  from t h e  h igher  d e n s i t y  (lower temperature) of t h e  expand- 
i n g  vapor ,  compared wi th  t h e  compressed ambient gas ,  and was observed by 
Kornegay i n  an i n v e s t i g a t i o n  of t h e  s p h e r i c a l  expansion of a i r  a t  one atmos- 
phere  i n t o  a i r  a t  a reduced p res su re .  Immediately fo l lowing  t h e  c o n t a c t  f r o n t  
i s  t h e  inward-facing, secondary shock wave which i s  seen  a t  1750 vsec  on t h e  
s t a t i c - p r e s s u r e  t r a c e  i n  F igu re  4-3B. Th i s ,  i n  t u r n ,  i s  followed by a '!negative 
phase" r e g i o n  i n  which t h e  s t a t i c  p r e s s u r e  i s  less than  t h e  ambient p re s su re .  
The traces f o r  Aerozine-50 (F igure  4-2) show t h e  same f e a t u r e s .  For t h e  releases 
of water, a wel l -def ined  shock wave and c o n t a c t  f r o n t  were n o t  d e t e c t e d  a t  any 
of t h e  gage l o c a t i o n s .  This  probably w a s  a r e s u l t  of t he  l o w  vapor p r e s s u r e  of 
water a t  i ts  i n i t i a l  temperature.  
On t h e  impact-pressure trace i n  F igu re  4-3A f o r  n i t r o g e n  t e t r o x i d e ,  
very  r a p i d  o s c i l l a t i o n s  occurred ,  beginning  a t  approximately 3.7 mi lsec .  I t  i s  
i n f e r r e d  t h a t  t h e s e  were caused by t h e  impingement of l i q u i d  ( o r  f rozen)  
d r o p l e t s  on t h e  f a c e  of t h e  gage. A t  t h e  24-inch and 36-inch l o c a t i o n s ,  s imilar  
o s c i l l a t i o n s  were observed on the  t r a c e s  which were cont inued  f o r  a longer  t i m e  
a f t e r  t h e  release than  were t h e  traces i n  F igu res  4-2 and 4-3. Based on t h i s  
i n t e r p r e t a t i o n ,  t h e  f a s t e r  d r o p l e t s  of  n i t r o g e n  t e t r o x i d e  have a v e l o c i t y  of 
approximately 100 m/sec. From similar o b s e r v a t i o n s ,  t h e  d r o p l e t s  of Aerozine-50 
had a maximum v e l o c i t y  of approximately 50 m/sec. 
w i t h  t h e  average v e l o c i t i e s  derived from t h e  motion of t h e  pe r iphe ry  of t h e  
clouds , d i scussed  above. 
These v a l u e s  are c o n s i s t e n t  
The p r e s s u r e  traces, over a longer  t i m e  i n t e r v a l  a t  8 inches  from t h e  
p o i n t  of release of n i t r o g e n  t e t r o x i d e ,  are shown i n  F igure  4-4A. The most 
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impor tan t  f e a t u r e s  of t h e s e  traces a r e  a p l a t e a u ,  s t a t i c - p r e s s u r e  9.3 t o r r ,  
beginning  a t  10 milsec and ending a t  25 milsec, and t h e  corresponding impinge- 
ment of  d r o p l e t s  from approximately 5 t o  35 milsec ( impact-pressure t r a c e ) .  
These f e a t u r e s  i n d i c a t e  t h a t  t h e  gages were immersed i n  a r a p i d  flow of 
e v a p o r a t i n g  drops ( t h e  middle zone i n  F i g u r e  4-1) dur ing  t h e s e  p e r i o d s  and 
s u g g e s t  t h a t  t h e  b o i l i n g  and d i s p e r s a l  of t h e  p r o p e l l a n t  r e q u i r e d  approximately 
30 milsec, t h e  v a l u e  mentioned above. During t h e  e x t e n t  of t h e  p l a t e a u ,  t h e  
p r e s s u r e  throughout t h e  remainder of t h e  vacuum chamber d i d  n o t  rise much above 
1 t o r r .  Accordingly,  i t  is  be l ieved  t h a t  t h e  d i s p e r s a l  t i m e  f o r  n i t r o g e n  
t e t r o x i d e  e s s e n t i a l l y  was unaffected by r e f l e c t e d  p r e s s u r e  waves from t h e  walls 
of  t h e  chamber and would b e  t h e  same f o r  a release i n t o  a t r u l y  unconfined 
reg ion .  Although no d e f i n i t i v e  pressure  p l a t e a u  was recorded,  similar r e s u l t s  
were obta ined  f o r  t h e  r e l e a s e s  of Aerozine-50, and f o r  t h e  same reasons ,  t h e  
t i m e  f o r  i t s  d i s p e r s a l  is b e l i e v e d  t o  have been unaf fec ted  by t h e  walls of  t h e  
vacuum chamber. 
Details of  t h e  p r e s s u r e  data, t o g e t h e r  w i t h  d e r i v e d  v a l u e s  of t h e  
v e l o c i t y  of c e r t a i n  f e a t u r e s  of t he  expans ions ,a re  l i s t e d  i n  Tables I and I1 
f o r  Aerozine-50 and n i t r o g e n  t e t r o x i d e ,  r e s p e c t i v e l y .  The v e l o c i t i e s  f o r  t h e  
primary shock wave and t h e  c o n t a c t  f r o n t  are  average v a l u e s  computed from t h e  
a r r iva l  a t  t h e  v a r i o u s  l o c a t i o n s  of the gages.  The Mach numbers f o r  t h e  f l o w  
of vapor  a t  t h e  i n d i c a t e d  times were computed from t h e  s t a t i c  and impact 
p r e s s u r e s  a t  t h e  i n d i c a t e d  l o c a t i o n ,  u s i n g  t h e  Rayleivh supersonic  p i t o t  formula o r  
t h e  i n s e n t r o p i c  p r e s s u r e  r e l a t i o n  f o r  s u p e r s o n i c  and subsonic  f lows,  r e s p e c t i v e l y .  
(During p e r i o d s  of  d r o p l e t  impingement, t h e  impact p r e s s u r e  of t h e  flow of t h e  
vapor w a s  assumed t o  be  t h e  lowest v a l u e s  of t h e  o s c i l l a t i o n s ,  c f .  F igure  4-3A.) 
The v e l o c i t y  of t h e  flow w a s  computed from t h e  Mach number by assuming t h a t  
t h e  temperature  of  t h e  vapor  w a s  the same as s a t u r a t e d  vapor a t  t h e  same p r e s s u r e .  
This  probably l e a d s  t o  v a l u e s  of  v e l o c i t y  which may b e  a few p e r  cen t  low s i n c e  
t h e  temperature  of t h e  vapor w i l l  be  somewaht w a r m e r .  
* 
Throughout t h e  expansion of bo th  Aerozine-50 and n i t r o g e n  t e t r o x i d e ,  
t h e  p r e s s u r e  a t  each of t h e  f o u r  gage l o c a t i o n s  remained a t  v a l u e s  s u f f i c i e n t l y  
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* The c a l c u l a t i o n s  were made only i f  t h e  s t a t i c  p r e s s u r e  w a s  a t  l ea s t  0 .5  t o r r .  
A t  lower p r e s s u r e s  c o r r e c t i o n s  f o r  e f f e c t s  a s s o c i a t e d  w i t h  t h e  flow of a r a r e f i e d  
gas would have t o  b e  made. 
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TABLE I 
Measured and Calculated Data From the  Releases  
o f  Aerozine-50 i n t o  Atmospheres a t  P res su res  of  
0.03 t o  0.04 Torr  
ITEM -
Primary Shock Wave: 
S t a t i c  p re s su re  ( t o r r )  
A r r i v a l  time (mi lsec)  
Average v e l o c i t y  (m/sec) 
Contact  Front :  
S t a t i c  p re s su re  ( t o r r )  
A r r i v a l  t ime (mi l / sec)  
Average v e l o c i t y  (m/sec) 
A t  5 mi l l i s econds :  
S t a t i c  p re s su re  ( t o r r )  
Impact p re s su re  ( t o r r )  
Mach number 
Approximate v e l o c i t y  (m/sec) 
A t  10 mi l l i s econds :  
S t a t i c  p re s su re  ( t o r r )  
A t  25 mi l l i s econds :  
S t a t i c  p re s su re  ( t o r r )  
LOCATION FROM POINT OF RELEASE 
8 inches  24 inches  36 inches 
0.09 0.10 0.07 
0.53 1.3% 1.96 
300a 47 2 535c 
0.09 0.14 0.08 
0.70 2.20 3.16 
231a 270b 318C 
a Between bulb s u r f a c e  and the gage a t  8 inches ,  16.2 cm. 
b Between t h e  gages a t  24 and 8 inches ,  40.6 cm. 
c Between the  gages a t  36 and 24 i n c h e s ,  30.5 cm. 
d 
e Pressure  o s c i l l a t i n g .  
Assuming 186 m/sec f o r  t h e  v e l o c i t y  o f  sound (UDMH a t  220'K). 
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TABLE I1 
ITEM 
Measured and Calculated Data From the  Releases  of  
Nitrogen Tetroxide in to  Atmospheres a t  Pressures  
of 0.02 t o  0.04 Torr  
Primary Shock Wave: 
S t a t i c  p r e s s u r e  ( t o r r )  
A r r i v a l  time (milsec)  
Average v e l o c i t y  (m/sec) 
Contact Front :  
S t a t i c  p r e s s u r e  ( t o r r )  
A r r i v a l  t i m e  (milsec) 
Average v e l o c i t y  (m/sec) 
A t  5 mi l l i seconds :  
S t a t i c  pressure  ( t o r r )  
Impact p r e s s u r e  ( t o r r )  
Mach Number 
Approximate v e l o c i t y  (m/sec) 
A t  10 mi l l i seconds :  
S t a t i c  p r e s s u r e  ( t o r r )  
Impact p r e s s u r e  ( t o r r )  
Mach Number 
Approximate v e l o c i t y  (m/sec) 
A t  25 mi l l i seconds :  
S t a t i c  p r e s s u r e  ( t o r r )  
Impact p r e s s u r e  ( t o r r )  
Mach Number 
Approximate v e l o c i t y  (m/sec) 
LOCATION FROM POINT OF RELEASE 
24 inches 8 inches  
0.09 0.04 
0.36 1.10 
450a 550b 
0.09 
0.49 
330a 
3.1 
26.7 
2 .71  
417' 
8.0 
34.8 
1.85 
285c 
9.0 
34.8 
1 7 3  
266' 
0.14 
1.58 
372b 
0.18 
0.75 ---- 
a Between bulb s u r f a c e  and the  gage a t  8 i n c h e s ,  16.2 cm. 
b Between the  gages a t  24 and 8 i n c h e s ,  40.6 cm. 
c Assuming 154 m/sec f o r  t he  v e l o c i t y  of sound (N204 a t  230OK). 
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l o w  t o  cause  e v a p o r a t i v e  f r e e z i n g  of t h e  d r o p l e t s .  
Aerozine-50 a t  which s o l i d  hydrazine begins  t o  form is approximately 30 t o r r ;  
t h e  t r i p l e - p o i n t  p r e s s u r e  of n i t rogen  t e t r o x i d e  is 139.8 t o r r .  According t o  
t h e  photographs made w i t h  a n  e l e c t r o n i c  f l a s h ,  t h e  diameters  of  most of  t h e  
drop l e t s  i n  t h e  expanding clouds of t h e s e  p r o p e l l a n t s  were approximately 
100 microns o r  less. Based on a previous analysis",  i t  is  es t imated  t h a t  
t h e  d r o p l e t s  of  t h i s  s i z e  f o r  e i t h e r  p r o p e l l a n t  would have begun t o  f r e e z e  
b e f o r e  they  had reached t h e  f irst  gage l o c a t i o n ,  8 inches  from t h e  p o i n t  of 
release. 
The vapor p r e s s u r e  of  
4.3  SIMULTANEOUS RELEASES 
Below 20 t o r r ,  ambient p r e s s u r e  had l i t t l e  e f f e c t  on t h e  major  f e a t u r e s  
of  t h e  d i s p e r s a l  and expansion of t h e  s imul taneous ly  r e l e a s e d  p r o p e l l a n t s .  
Moreover, t h e s e  f e a t u r e s  were e s s e n t i a l l y  t h e  same as t h o s e  f o r  n i t r o g e n  t e t r o x i d e  
a lone .  The reason  f o r  t h i s  behavior ,  of course ,  stems from t h e  h igh  i n i t i a l  
vapor p r e s s u r e  of t h i s  p r o p e l l a n t .  F igure  4-5 shows enlargements of a few frames 
s e l e c t e d  from t h e  motion p i c t u r e  of a s imultaneous release a t  an ambient p r e s s u r e  
of 0.08 t o r r .  After breakage of  the b u l b s ,  t h e  i n i t i a l  s t a g e s  of t h e  d i s p e r s a l  
and expansion of t h e  two p r o p e l l a n t s  are e s s e n t i a l l y  as a l r e a d y  d e s c r i b e d  f o r  
each alone.  However, because of its more r a p i d  expansion, t h e  vapor-droplet  
c loud of n i t r o g e n  t e t r o x i d e  completely e n g u l f e d t h a t  of Aerozine-50 w i t h i n  4 t o  
5 milsec a f t e r  t h e  release, and expansion of t h e  n i t r o g e n  t e t r o x i d e  i n  t h i s  
s e c t o r w a s  v i s i b l y  r e t a r d e d  by t h e  Aerozine-50. Never the less  i n  t h e  o t h e r  
s e c t o r s ,  t h e  v e l o c i t y  of t h e  per iphery of t h e  c loud ,  t h e  v e l o c i t i e s  of  t h e  g l a s s  
fragments,  and t h e  a r r i v a l  t i m e  of the d r o p l e t s  a t  t h e  several impact-pressure 
gages were t h e  same as f o r  t h e  expansion of n i t r o g e n  t e t r o x i d e  a lone .  
This  s i m i l a r i t y  i s  f u r t h e r  borne o u t  by comparison of some of t h e  
d a t a  der ived  from t h e  p r e s s u r e  t r a c e s .  The p r e s s u r e  traces f o r  a s imultaneous 
release i n t o  an ambient atmosphere a t  0.01 t o r r  a r e  shown i n  F igure  4-6 ,  and 
may be compared w i t h  t h e  traces shown i n  F i g u r e  4-3 f o r  N 2 0 4  alone.  Tables  111, 
I V  and V l i s t  d a t a  f o r  simultaneous releases i n t o  atmospheres a t  0.01, 0.07 and 
0.7 t o r r ,  r e s p e c t i v e l y .  A t  0.01 t o r r ,  t h e  p r e s s u r e  levels and t h e  a r r iva l  
t i m e s  of  t h e  c o n t a c t  f r o n t  and the primary shock wave are much t h e  same as f o r  
n i t r o g e n  t e t r o x i d e  a l o n e  (Table 11). 
and v e l o c i t i e s  i n d i c a t e d  a t  8 inches from t h e  release p o i n t .  S i m i l a r i t i e s  are 
The major d i f f e r e n c e s  are t h e  p r e s s u r e s  
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Figure 4-5. Simultaneous Release at an Ambient P res su re  of 0.08 t o r r ;  
Numbers Denote Time (ms) After the Release. The Bulb on 
the Right Contained Nitrogen Tetroxide and the Bulb on the 
Left Contained Aerozine -50. I 
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ITEM 
TABLE I11 
Measured and Calcula ted  Data from t h e  Simultaneous 
Releases of Nitrogen Te t rox ide  and Aerozine-50 i n t o  
Atmospheres a t  P res su res  of Approximately 0.01 Torr  
LOCATION FROM POINT OF RELEASE 
8 inches  24 inches  36 inches  
Primary Shock: 
S t a t i c  p r e s s u r e  ( t o r r )  not developed 0.07 0.05 
A r r i v a l  t i m e  (mi lsec)  -- 1.11 1.65 
Average v e l o c i t y  (m/sec) -- 511' 565b 
Contact Front :  
S t a t i c  p r e s s u r e  ( t o r r )  -- 0.07 0.05 
A r r i v a l  t i m e  (mi lsec)  0.60 1.45 2.44 
Average v e l o c i t y  (m/sec) -- 478a 308b 
A t  5 mi l l i s econds :  
S t a t i c  p r e s s u r e  ( t o r r )  2.2 
Impact p r e s s u r e  ( t o r r )  18.1 
Mach number 2.64 
Approximate v e l o c i t y  (m/sec) 406 
A t  10  mi l l i s econds :  
S t a t i c  p r e s s u r e  ( t o r r )  8.6 
Impact p r e s s u r e  ( t o r r )  24.5 
Mach number 1.43 
Approximate v e l o c i t y  (m/sec) 220 d 
A t  25 mi l l i s econds :  
S t a t i c  p r e s s u r e  ( t o r r )  47.1 
Impact p r e s s u r e  ( t o r r )  65.2 
Mach number 0.76 
Approximate v e l o c i t y  (m/sec) 122e 
a Between t h e  gages a t  24 and 8 inches ,  40.6 cm. 
b Between t h e  gages a t  36 and 24 inches ,  30.5 cm. 
c Between bulb s u r f a c e  and gage a t  24 inches ,  56.8 cm. 
d Assuming 154 m/sec f o r  t h e  v e l o c i t y  of sound (N204 a t  230'K). 
e Assuming 161  m/sec f o r  t h e  v e l o c i t y  o f  sound (N 0 a t  250'K). 2 4  
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TABLE I V  
Measured and Calcula ted  Data f o r  t h e  Simultaneous Release 
of Nitrogen Tet roxide  and Aerozine-50 i n t o  Atmospheres a t  
P res su res  
ITEM 
Primary Shock 
S t a t i c  p r e s s u r e  ( t o r r )  
A r r i v a l  t i m e  (mi lsec)  
Average v e l o c i t y  (m/sec) 
Contact  Front  
S t a t i c  p r e s s u r e  ( t o r r )  
A r r i v a l  t i m e  (mi lsec)  
Average v e l o c i t y  (m/sec) 
A t  5 mi l l i s econds :  
S t a t i c  p r e s s u r e  ( t o r r )  
Impact p r e s s u r e  ( t o r r )  
Mach number 
Approximate v e l o c i t y  (m/sec) 
A t  10 mi l l i s econds :  
S t a t i c  p r e s s u r e  ( t o r r )  
Impact p re s su re  ( t o r r )  
Mach number 
Approximate v e l o c i t y  (m/sec) 
A t  25  mi l l i s econds :  
S t a t i c  p r e s s u r e  ( t o r r )  
Impact p r e s s u r e  ( t o r r )  
Mach number 
Approximate v e l o c i t y  (m/sec) 
of Approximately 0.08 t o r r  
LOCATION FROM POINT OF RELEASE 
8 inches  
Not developed 
0.38 
426a 
0.68 
238a 
2 . 2 1  
2.26 
346' 
1 3 . 7  
9.19 
21.8 
194 
1 . 2 8  
32.3 
84.5 
1.35 
217d 
24 inches  
0.22 
514 
1.q 
0.22 
1.53 
478b 
~ 
a Between bulb s u r f a c e  and the  gage a t  8 inches ,  
b Between t h e  gages a t  24 and 8 inches ,  40.6 cm. 
16.2 cm. 
36 inches  
0.14 
1.88 
53OC 
0.14 
2.82 
236c 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
c 
d 
Between t h e  gages a t  36 and 24 inches ,  50.5 cm. 
Assuming 154 m/sec f o r  t he  v e l o c i t y  of sound ( N  0 a t  230OJ.C). 2 4  
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TABLE V 
Measured and Calcula ted  Data from the  Simultaneous Releases 
of  Ni t rogen  Tet roxide  and Aerozine-50 i n t o  Atmospheres a t  
P res su res  
ITEM. 
Primary Shock: 
S t a t i c  p r e s s u r e  ( t o r r )  
A r r i v a l  t i m e  (mi lsec)  
Average v e l o c i t y  (m/sec) 
Contact  Front:  
S t a t i c  p r e s s u r e  ( t o r r )  
Arrival t i m e  (mi lsec)  
Average v e l o c i t y  (m/sec) 
A t  5 mi l l i s econds  : 
S t a t i c  p r e s s u r e  ( t o r r )  
I m p a c t  p r e s s u r e  ( t o r r )  
Mach number 
Approximate v e l o c i t y  (m/sec) 
A t  1 0  mi l l i s econds  : 
S t a t i c  p r e s s u r e  ( t o r r )  
Impact p r e s s u r e  ( t o r r )  
Mach number 
Approximate v e l o c i t y  (m/sec) 
A t  25 mi l l i s econds :  
S t a t i c  p r e s s u r e  ( t o r r )  
Impact p r e s s u r e  ( t o r r )  
Mach number 
Approximate v e l o c i t y  (m/sec) 
of  Approximately 0.7 t o r r  
LOCATION FROM POINT OF RELEASE 
8 inches  24 inches  36 inches  
1.36 1.22 1.00 
0.65 1.45 2.15 
24ga 508b 435c 
1.06 1.02 0 .9  
0.70 2.65 5.05 
232a 208b 1 2 7 C  
0 .8  
12.6 
3.7 
570d 
a Between bulb s u r f a c e  and gage a t  8 i n c h e s ,  16.2 cm. 
b Between gages a t  24 and 8 inches ,  40.6 cm. 
c Between gages a t  36 and 24 inches ,  30.5 cm. 
d Assuming 154 m/sec f o r  t h e  v e l o c i t y  of sound 
(N204 a t  230OK). 
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I 
a l s o  i l l u s t r a t e d  i n  F igu res  4-4A and 4-4B which show t h e  p r e s s u r e  t r a c e s  of 
t h e  gages a t  t h e  8-inch l o c a t i o n .  
t i m e s  f o r  t h e  p r o p e l l a n t s  i n  bo th  releases w e r e  approximately t h e  same. 
However, f o r  t h e  simultaneous r e l e a s e ,  t h e  s t a t i c  p r e s s u r e  rises t o  a peak 
of 47 t o r r ,  which is  f i v e  t i m e s  t he  p r e s s u r e  l e v e l  of t h e  p l a t e a u  f o r  
n i t r o g e n  t e t r o x i d e  a lone .  An exothermic r e a c t i o n  between t h e  p r o p e l l a n t s  i s  
b e l i e v e d  t o  have caused t h e  p re s su re  peak; t h i s  w i l l  b e  d i scussed  subsequent ly .  
The t r a c e s  i n d i c a t e  t h a t  t h e  d i s p e r s a l  
The d i s p e r s a l  and expansion of t h e  s imul taneous ly  r e l e a s e d  pro- 
p e l l a n t s  a t  ambient p r e s s u r e s  of 100 t o r r  and 1 atmosphere produced v i r t u a l l y  
u n d e t e c t a b l e  shock waves. Because of i t s  r e l a t i v e l y  low vapor p r e s s u r e ,  no 
expansion of t h e  Aerozine-50 occurred. A t  an  ambient p r e s s u r e  of 100 t o r r ,  
t h e  behavior  of n i t r o g e n  t e t r o x i d e  w a s  s imilar  t o  t h a t  a t  t h e  lower p r e s s u r e s ,  
b u t  a t  an ambient p r e s s u r e  of  1 atmosphere t h e  expansion of n i t r o g e n  t e t r o x i d e ,  
t oo ,  w a s  s l i g h t .  
4.4 CHEMICAL REACTIONS 
The s imul taneous  r e l e a s e s  a t  p re s su reso f  100 t o r r  and 1 atmosphere 
produced normal hype rgo l i c  i g n i t i o n  of t h e  p r o p e l l a n t s .  
t h e  i g n i t i o n  occurred  j u s t  a f t e r  t he  Aerozine-50 had been engul fed  by t h e  expand- 
i n g  cioud of n i t r o g e n  t e t r o x i d e .  The ensuing  combustion continued f o r  approxi- 
mately 150 milsec i n  a v e r t i c a l  zone between t h e  two p r o p e l l a n t s .  From t h e  
high-speed motion p i c t u r e s  i t  w a s  apparent  t h a t  only a s m a l l  f r a c t i o n  of t h e  
p r o p e l l a n t s  a c t u a l l y  mixed and burned. The combustion t h a t  d i d  occur caused 
t h e  unreac ted  p r o p e l l a n t s  t o  be pushed apar t .  Neve r the l e s s ,  t h e  p r e s s u r e s  
genera ted  by combustion were s m a l l .  With one excep t ion  ( i n  two r e l e a s e s )  t h e  
maximum p r e s s u r e  i n c r e a s e  a t  a l l  gage l o c a t i o n s  w a s  13 t o r r .  For t h e  excep t ion ,  
t h e  p e n c i l  gage, 8 inches  from the  release p o i n t ,  recorded  a maximum p r e s s u r e  
of 644 t o r r ,  which w a s  reached i n  a series of s t e p s  over  a 90 mi l sec  pe r iod .  
Ev iden t ly ,  t h i s  w a s  merely a l o c a l  d i s t u r b a n c e ,  b u t  i t s  o r i g i n  is  n o t  known. 
A t  t h e  former p r e s s u r e ,  
I g n i t i o n  and combustion r e s u l t i n g  from a simultaneous release a t  
1 atmosphere were similar. 
breakage of t h e  bu lbs  and t h e  ensuing combustion aga in  s e p a r a t e d  t h e  p r o p e l l a n t s  
and prevented  e x t e n s i v e  r e a c t i o n .  
I g n i t i o n  o c w r r e d  5 .8  m i l l i s e c o n d s  a f t e r  t h e  
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Normal hype rgo l i c  combustion w a s  no t  i n i t i a t e d  by t h e  r e l e a s e s  a t  
t h e  lower p r e s s u r e s .  I n s t e a d ,  t he re  w a s  an immediate, p re l iminary  r e a c t i o n  
fol lowed somewhat l a t e r  by a de tona t ion  o r  very  v i o l e n t  explos ion .  
t he  motion p i c t u r e s ,  a red-orange co lo ra t ion  of an unknown compound(s) could 
b e  seen  i n  t h e  zone of c o n t a c t  between the  p r o p e l l a n t s  as t h e  Aerozine-50 w a s  
be ing  engul fed  by the  n i t r o g e n  t e t r o x i d e  and is  evidence f o r  the  occurrence 
of a chemical r e a c t i o n .  (Because of evapora t ive  coo l ing  and expansion,  t h e  
tempera tures  were too low f o r  t h e  ex i s t ence  of a v i s i b l e  concen t r a t ion  of 
t h e  orange-brown s p e c i e s ,  NO2.)  Also,  t h e  s t a t i c - p r e s s u r e  peak ( t y p i c a l l y  as 
shown i n  F igu re  4-3B) , sugges t s  the  gene ra t ion  of h e a t  o r  gas ,  and is  f u r t h e r  
ev idence  of a chemical r e a c t i o n .  During d i s p e r s a l  and expansion,  a sample of 
t h e  material  i n  t h e  v i c i n i t y  of the  p o i n t  of  release w a s  t aken  wi th  the  appara tus  
desc r ibed  i n  Sec t ion  3.4.6.  
nit rogen-cooled t r a p .  However, no a t tempt  w a s  made t o  determine the  composition 
of t h e  material. 
I n  a l l  
A yellow-orange s o l i d  w a s  depos i ted  i n  t h e  l i q u i d -  
Because of t h e  d ive rgen t  f lows of t h e  two p r o p e l l a n t s  the  e x t e n t  
of t h i s  r e a c t i o n  w a s  small dur ing  d i s p e r s a l  and expansion. However, t he  confine- 
ment provided by t h e  w a l l s  of t he  vacuum chamber enabled even tua l  mixing and 
r e a c t i o n ,  as observed i n  a high-speed motion p i c t u r e  taken wi th  back l i g h t i n g ,  
and a red-orange m i s t  f i l l e d  the chamber. Eventua l ly  t h e  m i s t  w a s  i g n i t e d ,  
u s u a l l y  a t  t h e  end of t he  chamber connecting t o  t h e  steam e j e c t o r  system, and 
presumably occurred  as a r e s u l t  of c o n t a c t  w i th  a metal s u r f a c e  hea ted  by t h i s  
system. On t h e  o t h e r  hand, i n  a d d i t i o n a l  experiments ,  t h e  m i s t  w a s  no t  i g n i t e d  
by a cont inuous e l e c t r i c a l  spa rk  a t  approximately 5,000 v o l t s  ( c f .  Sec t ion  3 . 3 ) .  
These r e s u l t s  and obse rva t ions  a r e  c o n s i s t e n t  w i th  those  of Mart inkovic  and 
o t h e r s  as d i scussed  i n  Sec t ion  2.0.  
A t  t h e  t h r e e  lowest ambient p r e s s u r e s ,  and a t m ,  t h e  
e v e n t u a l  i g n i t i o n  u s u a l l y  occurred 100 t o  150 mi l sec  a f t e r  breakage of t h e  
bu lbs  and r e s u l t e d  i n  de tona t ion  of t h e  red-orange m i s t .  From t h e  high-speed 
motion p i c t u r e s ,  t h e  i n t e n s e  luminosi ty  appeared t o  propagate  from t h e  rear t o  
the  f r o n t  of t h e  vacuum chamber (toward t h e  camera) i n  approximately 3 milsec 
(an average f o r  many r e l e a s e s ) .  Since t h e  chamber i s  25 f t  long ,  t h i s  corresponds 
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t o  a v e l o c i t y  of approximately 2500 m/sec. Typ ica l  p r e s s u r e  traces recorded 
d u r i n g  t h i s  pe r iod  a t  a s i t e  24 inches from t h e  release p o i n t  are shown 
i n  F igure  4-7A; a t  103 milsec a f t e r  the release t h e  p r e s s u r e  recorded  by t h e  
p e n c i l  gage rclse from 4 t o  300 t o r r  i n  less than  1 milsec ( a  s h o r t e r  t i m e  could 
n o t  b e  r e so lved  a t  t h e  sweep-speed s e t  on t h e  o s c i l l o s c o p e ) .  The va lue  of t h e  
peak p r e s s u r e  probably i s  n o t  accu ra t e  s i n c e  t h e  gage w a s  n o t  c o r r e c t l y  o r i e n t e d  
w i t h  r e s p e c t  t o  t h e  p r e s s u r e  wave. 
by t h e  impact gage a r o s e  from a non-normal flow over  t h e  gage.)  
(The "negative" p r e s s u r e  s p i k e s  i n d i c a t e d  
Simultaneous releases a t  an ambient p r e s s u r e  of 20 t o r r  r e s u l t e d  i n  
exp los ions  i n s t e a d  of de tona t ions .  I n  t h i s  ca se ,  i g n i t i o n  occurred approxi- 
mate ly  50 milsec a f t e r  breakage of t h e  bulb  and weak C O r h ~ s t i o n  Slowly spread  
t o  a l l  p a r t s  of t h e  chamber. The corresponding p r e s s u r e  traces are shown i n  
F i g u r e  4-7B; t h e  trace f o r  t h e  p e n c i l  gage shows a g radua l  rise beginning a t  
50 milsec t o  a maximum p r e s s u r e  of 106 t o r r  a t  84 mil sec .  
Thermal i g n i t i o n  by t h e  observed p re l imina ry  r e a c t i o n  or  even t h e  
normal "preflame" r e a c t i o n  d i d  n o t  occur.  This  i s  a r e s u l t  of t h e  i n t e n s e  
coo l ing  caused by t h e  r a p i d  expansion of t h e  vapors ,  as can be shown by a 
numer ica l  example. Consider an energy ba lance  f o r  an  element bf t h e  mixed 
vapors  : 
dH = dQ + vdp. 
A necessa ry  ( b u t  n o t  s u f f i c i e n t )  c o n d i t i o n  f o r  i g n i t i o n  i s  t h a t  dH 
must be p o s i t i v e  i n  t i m e ,  which r e q u i r e s  dQ (chemical h e a t i n g )  t o  be  g r e a t e r  
than  t h e  term vdp (expansion cool ing) .  The h e a t i n g  rate depends on t h e  ra te  
of r e a c t i o n  between t h e  vapors of n i t r o g e n  t e t r o x i d e  and Aerozine-50 
(assuming only t h e  vapor reacts).  This  ra te  is  n o t  known, b u t  from measurements 
of t h e  explos ion  l i m i t s  a t  low temperature,  t h e  k i n e t i c s  and ra te  of t h e  r e a c t i o n  
between N O 2  and monomethyl hydrazine (MMH) have been determined . 
p r e s s u r e  of MMH is  between those  of hydraz ine  and UDMH.) 
mix ture  of N 0 aad MMH vapors and account ing  f o r  t h e  equ i l ib r ium between t h e  2 4  
species, N 2 0 4  and NO2, t h e  hea t ing  ra te  as a f u n c t i o n  of temperature and 
p r e s s u r e  is: 
9 (The vapor 
Assuming an  equimolar 
11 2 -6060) &I = 3.4 x 10 l4 d t  E RT exp (7 . 
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Assuming idea l -gas  behavior ,  t he  expansion cool ing  term can be  c a l c u l a t e d  
from the  equa t ion  
V dI2 d t  = RT k) U r ,  
i s  t h e  l o c a l  r a d i a l  p r e s s u r e  ar where U i s  the  l o c a l  r a d i a l  v e l o c i t y  and 
g rad ien t .  Equations (1) and (2)  were app l i ed  t o  an element of vapor a t  t h e  
l o c a l  cond i t ions  l i s t e d  i n  Table I11 f o r  25 milsec a t  8 inches  from t h e  p o i n t  
of release ( s e e  a l s o  F igure  4 B ) ,  f u r t h e r  assuming t h a t  t h e  temperature  of t h e  
element w a s  t h a t  of s a t u r a t e d  n i t rogen  t e t r o x i d e  a t  t h e  same t o t a l  p re s su re .  
Accordingly t h e  temperature  w a s  es t imated  t o  be  approximately 250°K, and 
3 equa t ion  (1) gives  $=2 joules/mole-sec.  Equat ion (2)  g ives  -v @=7 x 10 
joules lmole-sec .  For t h i s  case, expansion cool ing  w a s  t h r e e  o r d e r s  of magnitude g r e a t e r  
than chemical hea t ing .  
chemical h e a t i n g  and a f i e l d  of h igh -ve loc i t i e s  which enhances cool ing .  
r 
d t  
Expansion c r e a t e s  both  a low temperature  which suppresses  
I According t o  t h e  c a l c u l a t i o n s  of Brode , t h e  p r e s s u r e  g r a d i e n t s  
w i t h i n  a s p h e r i c a l l y  expanding gas a t  any given t i m e  and l o c a t i o n  dec rease  
wi th  t h e  amount of gas r e l eased .  Consequently, i n  s p i t e  of  t he  supe r son ic  f l o w  
f i e l d s ,  t he  ra te  of coo l ing  by expansion may be  expected t o  be s m a l l  f o r  very 
l a r g e  releases. Thus, hype rgo l i c  i g n i t i o n  and combustion may be  expected f o r  
unconfined releases of s u f f i c i e n t l y  l a r g e  amounts of p r o p e l l a n t .  However, t h e  
amounts of p r o p e l l a n t  r equ i r ed  f o r  t h i s  occurrence cannot be  p r e d i c t e d  p r e s e n t l y ,  
s i n c e  d a t a  f o r  s c a l i n g  the  p re s su re  f i e l d s  and a c c u r a t e  d e f i n i t i o n  of t he  
k i n e t i c s  and thermochemistry of the pref lame r e a c t i o n s  are a l l  lack ing .  
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5.0 CONCLUSIONS 
The exposure of a s p h e r i c a l  mass of l i q u i d  t o  a vacuum r e s u l t s  i n  i t s  
d i s p e r s a l  i n t o  a cloud of d r o p l e t s  and vapor by p r o g r e s s i v e  b o i l i n g  from t h e  
s u r f a c e  toward t h e  c e n t e r  of t h e  mass. I n  an ambient atmosphere of approxi- 
mate ly  0.02 t o r r ,  300-ml q u a n t i t i e s  of  n i t r o g e n  t e t r o x i d e  and Aerozine-50 
( i n i t i a l l y  a t  25"C), r e l e a s e d  alone, d i s p e r s e  i n  t h i s  manner w i t h i n  25 t o  30 
and 50 t o  70 milsec, r e s p e c t i v e l y .  S imul taneous ly ,  t h e  r e s u l t i n g  cloud expands i n  
a l l  d i r e c t i o n s .  The gene ra l  c h a r a c t e r i s t i c s  of  t h e  expans ion ,  i nc lud ing  t h e  i n s t a n t -  
aneous rad ia l  pressure prof i les  , resemble those computed by Brode f o r  t h e  s p h e r i c a l  
expansion of t h e  de tona t ion  products of TNT. The maximum v e l o c i t i e s  a t t a i n e d  
by the d r o p l e t s  were 100 and 50 m/sec f o r  n i t r o g e n  t e t r o x i d e  and Aerozine-50, 
r e s p e c t i v e l y .  Higher v e l o c i t i e s  may be expected from t h e  release of l a r g e r  
q u a n t i t i e s  of p r o p e l l a n t  because of t h e  a s s o c i a t e d  longer  d u r a t i o n  of h igh  drag 
( saml le r  temporal g r a d i e n t  o f  t h e  vapor v e l o c i t y ) .  
For t h e  simultaneous r e l e a s e s ,  d i s p e r s a l  and expansion of t h e  p r o p e l l a n t s  
w e r e  s imi l a r  t o  those  of n i t r o g e n  t e t r o x i d e  a lone ,  a r e s u l t  which stems from t h e  
h i g h e r  vapor p r e s s u r e  of t h a t  p r o p e l l a n t .  Moreover, t h e s e  processes  d i d  n o t  vary 
s i g n i f i c a n t l y  w i t h  ambient p re s su re ,  i f  less than  20 t o r r .  By i n f e r e n c e ,  t h e  
p rocesses  of d i s p e r s a l  and expansion of t h e  s ing ly - re l eased  p r o p e l l a n t s ,  i nc lud ing  
t h e i r  d i s p e r s a l  t i m e  and d r o p l e t  v e l o c i t i e s ,  a l s o  w i l l  n o t  vary  wi th  ambient 
p r e s s u r e ,  i f  less than  20 t o r r .  
The simultaneous r e l e a s e  of 300 m l  q u a n t i t i e s  of n i t r o g e n  t e t r o x i d e  and 
Aerozine-50, l o c a t e d  1/2-inch a p a r t  i n  ambient atmospheres a t  p r e s s u r e s  of 100 
t o r r  and above, r e s u l t s  i n  normal hype rgo l i c  combustion a few mi l l i s econds  a f t e r  
t h e  release. I n  an unconfined region t h e  combustion w i l l  be  l i m i t e d  t o  the  
r e g i o n  between t h e  o r i g i n a l  masses of p r o p e l l a n t ;  and because of t h e  c e n t r a l  com- 
b u s t i o n  and d ive rgen t  f l o w s ,  most o f  the  p r o p e l l a n t s  w i l l  b e  d i spe r sed  wi thout  
r e a c t i n g .  A t  lower ambient p re s su res  i n  an unconfined r e g i o n ,  a chemical r e a c t i o n  
which forms red-orange products  occurs i n s t e a d  of combustion, b u t  f o r  t h e  same 
reasons  t h e  e x t e n t  of t h i s  r e a c t i o n  a l s o  i s  s l i g h t .  
I f  t h e  release is i n t o  a conf ined  r e g i o n  a t  a low i n i t i a l  p r e s s u r e  
(<1 t o r r ) ,  t h e  chemical r e a c t i o n  is more e x t e n s i v e  and t h e  r eg ion  is  f i l l e d  
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wi th  a red-orange m i s t .  
p r e s s u r e s  (20  t o r r )  t h e  chemical r e a c t i o n  e v i d e n t l y  forms less e a s i l y  detonated 
compound and i g n i t i o n  r e s u l t s  i n  a mild explos ion .  Although n o t  observed i n  
t h i s  i n v e s t i g a t i o n ,  d e s t r u c t i v e  overpressures  could have r e s u l t e d  from t h e s e  
even t s  e i t h e r  i f  t he  p r e s s u r e  j u s t  p r i o r  t o  i g n i t i o n  were g r e a t e r  than a few 
t o r r ,  o r  i f  t h e  concen t r a t ion  of m i s t  and p r o p e l l a n t s  i n  the  vacuum chamber 
were g r e a t e r  than the  
and cond i t ions  c o n t r i b u t e  te the pres su re  s p i k e s  obta ined  occas iona l ly  dur ing  
t h e  a t t e m p t ,  i n  a low-pressure environment, t o  res tar t  a rocke t  engine us ing  
t h e s e  p r o p e l l a n t s .  
If i g n i t e d  t h e  m i s t  may de tona te .  A t  h ighe r  i n i t i a l  
gm/cc obtained.  It i s  be l i eved  t h a t  t hese  events  
Analysis  sugges t s  t h a t  fo r  a s imultaneous release of n i t rogen  t e t r o x i d e  
and Aerozine-50 i n t o  an unconfined r eg ion  a t  low p r e s s u r e ,  hypergol ic  combustion 
w i l l  occur ,  provided the  amounts of t h e  p r o p e l l a n t s  r e l e a s e d  are s u f f i c i e n t l y  
g r e a t .  Unfor tuna te ly ,  t h e  amounts r equ i r ed  f o r  t h i s  cannot be  determined from 
the  d a t a  obta ined  i n  t h i s  i n v e s t i g a t i o n .  However, t h e  b l a s t  hazard a s s o c i a t e d  
wi th  such an event  is  n o t  expected t o  be  g r e a t  s i n c e  t h e  experiments have 
demonstrated t h a t  only a s m a l l  f r a c t i o n  of t he  p r o p e l l a n t s  w i l l  r e a c t .  
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6.0 RECOMMENDATIONS 
E s s e n t i a l l y ,  t h e  o b j e c t i v e s  of t h e  p r e s e n t  i n v e s t i g a t i o n  were accom- 
p l i s h e d ,  b u t  many q u e s t i o n s  s t i l l  remain. Some of  t h e  p r i n c i p a l  q u e s t i o n s  concern 
t h e  occurrence of h y p e r g o l i c  combustion from an unconfined release i n t o  a low- 
p r e s s u r e  environment,  e s p e c i a l l y  the minimum mass of  p r o p e l l a n t  and t h e  maximum 
d i s t a n c e  of s e p a r a t i o n  f o r  hypergol ic  combustion t o  occur.  Other q u e s t i o n s  
concern t h e  d e t a i l s  of t h e  d i s p e r s a l  and expansion of l i q u i d  p r o p e l l a n t  i n t o  a 
r e g i o n  a t  low p r e s s u r e .  
Ul t imate ly ,  t h e  p r e c i s e  answers t o  t h e  remaining q u e s t i o n s  w i l l  have 
t o  b e  obta ined  from experiments involv ing  l a r g e  amounts of p r o p e l l a n t s .  
Because of t h e  i n h e r e n t  hazard t o  expensive s i m u l a t i o n  systems,  such experiments 
must be  performed i n  space  and w i l l  b e  d i f f i c u l t  and p o t e n t i a l l y  expensive.  
On t h e  o t h e r  hand, reasonable  estimates o f  t h e  c o n d i t i o n s  f o r  h y p e r g o l i c  
combustion may b e  obta ined  from small-scale experiments .  Some of t h e s e  experi-  
ments would b e  d i r e c t e d  towards a more d e t a i l e d  understanding of d i s p e r s a l  and 
expansion,  and could b e  performed i n  a vacuum chamber. I n  p a r t i c u l a r ,  t h e  
s c a l i n g  of d i s p e r s a l  t i m e ,  t h e  pressure  f i e l d s  and d r o p l e t  v e l o c i t y  w i t h  t h e  
i n i t i a l  c o n d i t i o n s  f o r  t h e  p r o p e l l a n t ,  i n c l u d i n g  mass, must be determined. 
A d d i t i o n a l  experiments a l s o  must b e  performed t o  determine t h e  k i n e t i c s  and 
thermochemistry of r e a c t i o n s  between t h e  p r o p e l l a n t s  a t  low temperatures  and 
p r e s s u r e .  
This  l a t t e r  course  of i n v e s t i g a t i o n  is recommended. Not only  would 
t h e  need f o r  l a r g e - s c a l e  experiments b e  reduced o r  e l i m i n a t e d ,  b u t  t h e  r e s u l t s  
would b e  a p p l i c a b l e  as w e l l  t o  the problem of hypergol ic  i g n i t i o n  i n  r o c k e t  
engines  i n  a low-pressure environment. 
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APPENDIX - PRESSURE TRACES 
Pressu re  t r a c e s  (osc i l loscope  r eco rds  o f  t h e  output  of  t he  p i e z o e l e c t r i c  
These toge the r  wi th  those p re sen t -  t r ansduce r s )  from 19 experiments a r e  prsented.  
ed  in S e c t i o n  4.0 comprise a l l  t he  usable  t r a c e s  obtained and were t h e  source 
o f  t h e  d a t a  presented  i n  Tables I through V i n  Sec t ion  4.0. 
An index o f  t hese  t r a c e s ,  according t o  t h e  type of  r e l e a s e ,  i s  a s  
fol lows : 
Re1 ease  
Aerozine-50 alone 
Nitrogen Tet roxide  a lone  
Simultaneous a t  0.01 t o r r  
Simultaneous a t  8.08 t o r r  
Simultaneous a t  0.8 torr 
Simultaneous a t  20 t o r r  
Simultaneous a t  100 t o r r  
F igures  
4-2, and A 1  and A 2  
4 - 3 ,  and A 3  and A 4  
4 - 6 ,  and AS through A7 
A 8  through A12 
A 1 3  through A15 
A 1 6  and A 1 7  
A 1 8  and A 1 9  
The l o c a t i o n s  of  t h e  gages ind ica ted  i n  t h e  f i g u r e s  correspond t o  
those  shown i n  Figures  3-9 and 3-10. 
loca t ion"  always r e f e r s  t o  t h e  loca t ion  t h a t  w a s  f a r t h e s t  from t h e  door of 
t h e  vacuum chamber. 
Unless otherwise noted t h e  "24-inch 
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Figure A2. Static (S) and Impact (I) P res su res  f o r  a 
Release of Aerozine-50 at an  Ambient 
P res su re  of 0.04 Torr .  A2-A, at the 24- 
Inch Location: Time, 0.50 ms/div (0.80 
m s  Delay); S, 0.62 Torr/div; I, 1.13 Torr /  
div. 
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Figure A6. Static (S) and Impulse (I) P res su res  for a 
Simultaneous Release at an Ambient Pres- 
sure of 0.03 Torr. A6-A, a t  the 36-Inch 
Location: Time, 0.20 ms/div (1.00 ms 
Delay); S, 0.59 Torr/div; I, 1.13 Torr/div. 
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Figure A17. Static (S) and Impulse (I) P res su res  for  a 
Simultaneous Release at an Ambient Pres- 
sure of 21.0 Torr .  A17-A, at the 24-Inch 
Location (Nearest Door, see Figure 3-9): 
Time,  20.0 ms/div; S, 55.2 Torr/div; I, 
153.4 Torr/div. 
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